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Preface 


Orbital  (space)  debris  represents  a  growing  threat  to  the  operation  of 
man-made  objects  in  space.1  According  to  Nick  Johnson,  the  National 
Aeronautics  and  Space  Administration’s  (NASA’s)  chief  scientist  for 
orbital  debris,  “[T]he  current  orbital  debris  environment  poses  a  real, 
albeit  low  level,  threat  to  the  operation  of  spacecraft”  in  both  low  earth 
orbit  (LEO)  and  geosynchronous  orbit  (GEO)  (Johnson,  2010).  There 
are  currently  hundreds  of  thousands  of  objects  greater  than  one  cen¬ 
timeter  in  diameter  in  Earth’s  orbit.  The  collision  of  any  one  of  these 
objects  with  an  operational  satellite  would  cause  catastrophic  failure  of 
that  satellite. 

This  monograph  presents  a  new  way  of  thinking  about  the  orbital 
debris  problem.  It  should  be  of  interest  to  space-faring  nation-states 
and  commercial  firms,  the  legislative  and  executive  branches  of  the 
U.S.  government,  the  United  Nations  Committee  on  the  Peaceful  Uses 
of  Outer  Space,  and  the  general  public. 

This  research  was  sponsored  by  the  Defense  Advanced  Research 
Projects  Agency  (DARPA)  and  conducted  within  the  Acquisition  and 
Technology  Policy  Center  of  the  RAND  National  Defense  Research 
Institute,  a  federally  funded  research  and  development  center  spon¬ 
sored  by  the  Office  of  the  Secretary  of  Defense,  the  Joint  Staff,  the  Uni¬ 
fied  Combatant  Commands,  the  Navy,  the  Marine  Corps,  the  defense 
agencies,  and  the  defense  Intelligence  Community. 


1  NASA  defines  orbital  debris  as  “artificial  objects,  including  derelict  spacecraft  and  spent 
launch  vehicle  orbital  stages,  left  in  orbit  which  no  longer  serve  a  useful  purpose”  (NASA- 
Handbook  8719.14,  2008). 
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For  more  information  on  the  RAND  Acquisition  and  Technology 
Policy  Center,  see  http://www.rand.org/nsrd/about/atp.html  or  contact 
the  Director  (contact  information  is  provided  on  the  web  page). 
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Summary 


Background  and  Objective 

Orbital  (space)  debris  represents  a  growing  threat  to  the  operation  of 
man-made  objects  in  space.2  According  to  Nick  Johnson,  NASA’s  chief 
scientist  for  orbital  debris,  “[T]he  current  orbital  debris  environment 
poses  a  real,  albeit  low  level,  threat  to  the  operation  of  spacecraft”  in 
both  LEO  and  GEO  (Johnson,  2010).  There  are  currently  hundreds  of 
thousands  of  objects  greater  than  one  centimeter  in  diameter  in  Earth’s 
orbit.  The  collision  of  any  one  of  these  objects  with  an  operational  sat¬ 
ellite  would  cause  catastrophic  failure  of  that  satellite. 

DARPA,  within  the  context  of  the  Catcher’s  Mitt  study,  is  in 
the  preliminary  stages  of  investigating  potential  technical  solutions 
for  remediating  debris.3  This  investigation  is  a  critical  step  because 
even  the  most  rudimentary  cleanup  techniques  will  require  significant 
research  and  field  testing  before  they  can  be  successfully  implemented. 
In  addition,  future  pathfinder  missions  will  require  extensive  resources, 


2  NASA  defines  orbital  debris  as  “artificial  objects,  including  derelict  spacecraft  and  spent 
launch  vehicle  orbital  stages,  left  in  orbit  which  no  longer  serve  a  useful  purpose”  (NASA- 
Handbook  8719.14,  2008). 

3  The  DARPA  Catcher’s  Mitt  study  is  tasked  with  the  following  objectives:  model  the  space 
debris  problem  and  its  future  growth;  determine  which  class  of  satellites  is  most  affected; 
and,  if  appropriate,  explore  technically  feasible  solutions  for  debris  removal.  DARPA  intends 
to  use  the  results  of  the  Catcher’s  Mitt  study  to  determine  if  they  should  invest  in  a  space 
debris  remediation  program  (Jones,  undated). 
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and  the  U.S.  government  will  need  sufficient  justification  before  pursu¬ 
ing  these  programs.4 

With  this  background  in  mind,  this  research  had  three  primary 
goals.  The  first  was  to  determine  whether  analogous  problems  from 
outside  the  aerospace  industry  exist  that  are  comparable  to  space  debris. 
Assuming  that  such  problems  exist,  the  second  goal  was  to  develop  a 
list  of  identifying  characteristics  along  with  an  associated  framework 
that  could  be  used  to  describe  all  of  these  problems,  including  debris. 
The  final  goal,  provided  that  the  first  two  were  possible,  was  to  use  this 
framework  to  draw  comparisons  between  orbital  debris  and  the  analo¬ 
gous  problems.  Ultimately,  we  hoped  to  provide  context  and  insight 
for  decisionmakers  by  asking  the  following  question:  How  have  other 
industries  approached  their  “orbital  debris-like”  problems?  What  les¬ 
sons  can  be  learned  from  these  cases  before  proceeding  with  mitigation 
or  remediation  measures? 


Comparable  Problems 

We  identified  a  set  of  comparable  problems  that  share  similarities  with 
orbital  debris  and  narrowed  this  set  down  to  the  following  nine  issues: 
acid  rain,  airline  security,  asbestos,  chlorofluorocarbons  (CFCs),  haz¬ 
ardous  waste,  oil  spills,  radon,  spam,  and  U.S.  border  control.5 

These  problems  are  related  because  they  all  share  the  following  set 
of  characteristics: 

•  Behavioral  norms  (past  and/or  present)  do  not  address  the  prob¬ 
lem  in  a  satisfactory  manner. 

•  If  the  problem  is  ignored,  the  risk  of  collateral  damage  will  be 
significant. 

•  There  will  always  be  an  endless  supply  of  “rule-breakers.” 


4  Within  the  scope  of  this  document,  we  define  the  word  pathfinder  to  mean  an  experimen¬ 
tal  prototype  used  to  prove  a  capability. 

5  We  do  not  describe  the  rationale  behind  this  statement  in  the  executive  summary.  How¬ 
ever,  more  information  about  the  comparable  problems  is  available  in  Chapter  Three  and  in 
Appendixes  A  and  B. 
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•  The  problem  will  likely  never  be  considered  solved  because  the 
root  cause  is  difficult  to  eliminate. 


Nomenclature 

We  refer  to  the  terms  mitigation  and  remediation  throughout  this 
analysis,  so  it  is  important  to  provide  our  definitions  for  these  terms: 

•  Mitigation  refers  to  a  class  of  actions  designed  to  lessen  the  pain  or 
reduce  the  severity  of  a  problem.  Mitigation  measures  are  inher¬ 
ently  preventive,  and  they  are  enacted  to  prevent  a  problem  or  to 
prevent  one  from  getting  worse. 

•  Remediation  refers  to  the  act  of  applying  a  remedy  in  order  to 
reverse  events  or  stop  undesired  effects.  Remedies  are  targeted 
reactions  often  designed  to  address  an  undesirable  event  that  has 
already  occurred. 


Methodology 

We  used  a  literature  survey  and  interviews  with  experts  to  gather  the 
following  pieces  of  information  for  each  of  the  comparable  problems: 

1 .  Basic  overview.  What  is  the  problem? 

2.  Calendar  dates  of  key  milestones.  When  was  the  problem  first 
identified?  When  were  major  mitigation  measures  imposed? 
When  (if  at  all)  were  remedies  fielded? 

3.  Stakeholder  demographics.  Who  is  viewed  as  having  caused 
the  problem?  Who  is  affected  by  it?  How  large  is  each  group? 
How  diverse  are  their  interests? 

4.  Current  status.  What  was  the  status  of  each  of  the  problems,  as 
of  May  2010?  Was  it  being  remedied  or  simply  mitigated? 
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The  Framework 

Once  we  had  this  information,  we  designed  a  framework  that  could  be 
used  to  describe  the  process  for  addressing  orbital  debris  and  any  of  the 
comparable  problems.  We  identified  four  stages  of  increasingly  aggres¬ 
sive  measures  that  could  be  used  to  address  the  various  problems:  iden¬ 
tifying,  characterizing,  and  bounding  the  problem;  establishing  nor¬ 
mative  behaviors;  mitigation;  and  remediation. 

These  stages  can  be  represented  with  a  series  of  concentric  rings,  as 
shown  in  Figure  S.l.  This  concentric  geometry  highlights  an  important 
feature  of  the  approach:  As  the  community  moves  toward  the  center 
(which  indicates  increasingly  aggressive  deterrents),  the  size  of  the  risk¬ 
generating  population  decreases  with  each  inward  step. 

The  progression  through  these  stages  is  determined  by  the  risk 
tolerance  of  the  affected  entities.  Specifically,  decisionmakers  should 
proceed  to  the  next  stage  when  the  existing  population  of  unwanted 
incidents  exceeds  the  community’s  risk  tolerance  level.  For  example, 
catastrophes — such  as  an  oil  spill — can  cause  a  community  to  reassess 
(and  often  lower)  its  risk  tolerance,  and  additional  mitigation  or  reme¬ 
diation  strategies  may  be  needed  after  such  an  event. 

Figure  S.l 

Framework  Stages  via  Concentric  Rings 
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It  is  also  important  to  note  that  eliminating  the  problem  is  not 
necessarily  the  primary  objective.  Instead,  the  goal  should  be  reducing 
the  risk  posed  by  unwanted  phenomena  (air  pollution,  radon  levels,  air¬ 
craft  hijackings)  to  a  level  that  the  affected  stakeholders  find  acceptable. 

We  also  developed  two  tools  to  aid  in  describing  the  stakeholder 
communities.  These  tools  are  shown  in  Figures  S.2  and  S.3,  and  more 
information  is  provided  in  Chapter  Seven. 

Figure  S.2 

Stakeholder  Diversity  and  Type 


More  diverse  interest 
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Analysis:  Comparing  the  Relative  Time  Spent  in  Each 
Stage 

Our  literature  survey  uncovered  several  important  dates,  milestones, 
and  achievements  associated  with  all  of  the  comparable  problems.  We 
used  this  information  to  build  a  series  of  timelines  that  allowed  us  to 
compare  the  different  problems.  After  reviewing  these  timelines,  we 
made  the  following  observations: 
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Figure  S.3 

Stakeholder  Spectrum:  Blameworthy  Versus  Affected 


RAND  MG1 042-S.3 


•  It  may  take  several  years  to  identify  the  problem  (acid  rain,  asbes¬ 
tos,  and  spam). 

•  In  some  cases,  a  single  critical  event  is  enough  to  propel  the  prob¬ 
lem  through  several  of  the  stages  shown  in  Figure  S.l  at  once  (air¬ 
line  security,  oil  spills,  radon,  and  spam). 

•  A  problem  need  not  have  existed  for  a  long  time  before  remedia¬ 
tion  is  deemed  necessary  (hazardous  waste,  oil  spills,  and  spam). 

•  Once  in  remediation,  the  problem  is  not  considered  solved.  Air¬ 
line  security,  hazardous  waste,  oil  spills,  radon,  and  spam  are  all 
examples  of  problems  that  are  difficult  to  completely  eliminate. 


Mitigation  Concepts 

We  identified  three  mitigation  approaches — taken  from  the  environ¬ 
mental  protection  industry — that  can  be  applied  to  any  of  the  prob¬ 
lems  that  we  considered,  including  space  debris: 

•  The  command  and  control  (C2)  approach  institutes  an  incentive 
structure  to  control  community  behavior.  This  approach  is  easily 
understood  by  most  cultures,  so  it  is  often  the  first  mitigation 
strategy  to  be  implemented. 

•  Market-based  approaches  acknowledge  that  the  problem  exists 
and  organize  a  formal  allocation  scheme  for  the  right  to  engage 
in  that  behavior. 


Summary  xix 


•  Performance-based  strategies  use  a  quota-based  system  to  set  a 
limit  on  the  undesired  behavior. 

We  highlighted  the  mitigation  strategies  used  to  address  acid  rain, 
airline  security,  and  radon.  Our  analysis  of  these  issues  yielded  the  fol¬ 
lowing  observations  on  each. 

Acid  Rain 

•  In  order  to  successfully  implement  a  large  C2  strategy,  the  symp¬ 
toms  must  be  categorized  into  groups  that  represent  different 
levels  of  relative  risk. 

•  A  market  approach  is  often  most  effective  only  after  an  effective 
C2  strategy  is  already  in  place. 

Airline  Security 

•  Preparing  for  potential  threats  requires  an  efficient  and  effective 
system  for  collecting  and  disseminating  information. 

•  An  effective  mitigation  strategy  evolves  over  time. 

•  A  successful  C2  strategy  is  enforced  by  organizations  with  clearly 
defined  jurisdictions. 

Radon 

•  Nonregulatory  approaches  may  be  good  at  increasing  public  aware¬ 
ness,  but  they  are  unlikely  to  achieve  high  levels  of  compliance. 

•  Mitigation  is  relatively  straightforward  when  the  problem  can  be 
described  and  measured  accurately. 


Remediation  Concepts 

Types  of  Remedies 

Remedies  can  be  classified  using  two  sets  of  descriptive  categories: 
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•  Relocation  versus  elimination.  An  undesired  object  can  be  relo¬ 
cated  such  that  it  no  longer  poses  a  high  risk,  or  it  can  be  com¬ 
pletely  eliminated. 

•  Targeted  versus  dragnet.  Undesired  objects  can  be  relocated  or 
eliminated  using  processes  that  are  either  targeted  or  dragnet¬ 
like.  Targeted  removal  techniques  use  a  specific  method  to  affect 
a  single,  known  object.  Dragnet  strategies  indiscriminately  trawl 
space  to  gather  and  remove  all  objects  with  a  particular  set  of 
characteristics. 

Lessons  Learned  From  the  2010  Deepwater  Horizon  Oil  Spill 

Using  this  oil  spill  as  a  case  study,  we  identified  the  following  lessons 
learned: 

•  Simply  having  one  or  more  remediation  technologies  is  not  suf¬ 
ficient.  The  remedies  must  be  tested  and  proven  to  work  in  the 
expected  operating  conditions. 

•  The  community  will  only  support  the  development  of  an  effec¬ 
tive  remedy  when  the  risk  posed  by  the  threat  is  considered  to  be 
unacceptable. 

•  When  reacting  to  a  catastrophe,  a  dragnet  solution  is  needed  to 
address  the  aftereffects. 

•  After  a  catastrophe,  a  targeted  solution  may  also  be  necessary  to 
remedy  a  problem. 

•  Remedies  must  be  adaptable  so  that  they  may  evolve  to  face  the 
latest  challenges. 


Summarizing  Observations 

We  noted  the  following  key  themes  as  we  compiled  the  results  from 
this  research: 

•  Improving  situational  awareness  should  be  an  ongoing  effort 
within  any  community. 
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•  The  Superfund  could  serve  as  an  effective  model  for  orbital  debris 
cleanup. 

•  Incentive  structures  (associated  with  mitigation  strategies)  work 
best  in  the  short  term.  In  order  to  achieve  a  cost-effective  long¬ 
term  solution,  it  is  necessary  to  change  stakeholder  preferences. 

•  All  of  the  stages  shown  in  Figure  S.l  must  continually  evolve  over 
time  along  with  the  problem. 

The  Case  for  Additional  Mitigation  in  Orbital  Debris 

When  viewed  in  light  of  the  comparable  problems,  there  is  evidence  to 
suggest  that  orbital  debris  does  not  at  present  pose  a  great-enough  risk 
to  warrant  the  deployment  of  a  remediation  technology.6  A  commu¬ 
nity  will  only  move  on  to  the  next  stage  shown  in  Figure  S.l  when  the 
current  stage  is  not  sufficient  to  properly  address  the  problem.  While 
everyone  in  the  space  community  certainly  agrees  that  orbital  debris 
poses  a  risk,  the  lack  of  government  and  private  industry  funding  for 
this  effort  suggests  that  the  perception  of  risk  has  not  yet  crossed  a  criti¬ 
cal  threshold  that  would  prompt  demands  for  remediation. 

The  current  lack  of  private  funding  for  debris  remedies  is  particu¬ 
larly  telling.  Today,  the  majority  ownership  of  operational  space  assets 
(as  a  percentage  of  the  total  operational  inventory)  has  shifted  from 
government  to  commercial  industry.7  For  this  new  majority  of  com¬ 
mercial  stakeholders,  the  “imperative  to  create  shareholder  value  entails 
that  any  investment  in  a  technical  system  be  guided  by  its  value  cre¬ 
ation  potential”  (Brathwaite  and  Saleh,  2009).  In  other  words,  if  debris 
were  deemed  to  represent  an  unacceptable  risk  to  current  or  future 
operations,  a  remedy  would  already  have  been  developed  by  the  private 
sector. 


6  The  use  of  the  word  deployment  is  intentional:  It  implies  an  operational — and  not  simply 
a  pathfinder — system. 

7  According  to  the  April  2010  Union  of  Concerned  Scientists  (UCS)  Satellite  Database, 
41  percent  of  the  world’s  active,  operational  satellites  are  solely  commercial;  17  percent  are 
solely  military;  18  percent  are  solely  government;  and  the  remaining  24  percent  are  either 
multiuse  or  used  for  research  or  scientific  purposes.  While  the  UCS  database  represents  only 
an  approximate  count  of  the  world’s  total  satellite  inventory,  it  is  useful  in  providing  a  quick 
estimate  to  support  our  claim  (UCS,  undated). 
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The  space  industry  is  currently  dealing  with  the  debris  problem 
via  mitigation,  and  we  offer  the  following  observations  about  these 
efforts: 

•  Mitigation  is  an  effective  way  to  reduce  the  probability  that  a 
catastrophe  will  occur. 

•  Tracking  metrics  over  time  is  an  effective  way  to  measure  a  miti¬ 
gation  strategy’s  ongoing  effectiveness. 

The  Case  for  Developing  Remediation  Technologies 

The  lack  of  funding  initiatives  associated  with  developing  a  deployable 
remedy  for  orbital  debris  suggests  that  the  community  currently  does 
not  need  such  a  capability.  However,  our  research  presents  several  les¬ 
sons  that  suggest  it  may  be  wise  to  develop  a  pathfinder  system  in  the 
near  term: 

•  A  community  must  be  prepared  for  “shocks”  or  catastrophic 
events.  Sometimes  a  single  catastrophic  event,  or  shock,  is  suffi¬ 
cient  to  propel  a  community  through  several  of  the  stages  at  once. 
For  orbital  debris,  the  Chinese  antisatellite  test  and  the  Iridium/ 
Cosmos  collision  are  two  obvious  examples  (see  Chapter  One 
for  more  detail  about  these  events).  These  two  events  are  likely 
the  cause  for  the  increased  interest — to  include  this  research — in 
the  debris  problem.  In  addition,  remedies  are  needed  to  clean  up 
the  aftereffects  of  such  catastrophic  events.  Developing  the  path¬ 
finder  technology  now  for  such  a  remedy  may  prove  to  be  a  wise 
decision  because  on-orbit  collisions  are  likely  to  continue  to  occur 
in  the  future. 

•  Remedies  must  be  designed  and  tested  to  work  under  the 
actual  operating  conditions.  This  is  the  biggest  lesson  from  the 
Deepwater  Horizon  spill.  All  of  the  remedies  fielded  during  the 
first  40  days  of  the  spill  were  not  effective  because  they  had  not 
been  tested  or  proven  to  work  in  deepwater  drilling  conditions. 
Fielding  a  demonstration  technology  will  prove  useful  only  if  it 
will  provide  operators  and  engineers  with  relevant  information  on 
technology  performance  under  the  actual  working  conditions.  In 
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addition,  decisionmakers  will  gain  important  data  points  on  real¬ 
istic  values  for  recharge  times,  reaction  times,  and  the  magazines 
associated  with  any  potential  remediation  technology.  Ultimately, 
the  pathfinder  system  must  strive  toward  remedying  a  realistic 
problem,  or  the  development  will  risk  being  considered  purely 
academic  and  not  operationally  useful. 

One  remedy  is  not  good  enough.  A  remedy  is  often  used  to 
respond  to  an  event  that  has  already  occurred.  As  a  result,  reme¬ 
diation  technology  is  often  very  specialized,  and  our  research 
indicated  that  for  many  problems,  several  different  techniques  are 
necessary.  There  are  examples  of  this  throughout  all  of  the  compa¬ 
rable  problems.  Airline  security,  asbestos,  environmental  hazards, 
oil  spills,  radon,  and  spam  all  use  multiple  techniques  to  remedy 
a  problem.  For  this  reason,  it  may  be  wise  to  begin  developing 
a  pathfinder  system  now  so  that  alternative,  tangential  methods 
may  be  developed  more  quickly  in  the  future. 

When  a  problems  effects  are  not  directly  observable,  a  com¬ 
munity  is  likely  to  underestimate  the  risk  posed  by  the  effects. 
Asbestos  and  radon  are  invisible,  and  the  cancers  they  cause  may 
not  appear  for  several  decades.  Under  such  circumstances,  a  com¬ 
munity  may  have  a  low  perception  of  risk  because  the  cause  and 
effect  are  separated  by  long  spans  of  time.  By  contrast,  the  neigh¬ 
bors  of  a  polluting  factory  are  likely  to  see  its  effects  every  day. 
Orbital  debris,  unfortunately,  belongs  to  the  category  of  problems 
that  are  not  easily  observed  either  by  those  who  create  it  or  by 
those  who  might  be  harmed  by  it.  Because  the  harm  is  virtu¬ 
ally  invisible  until  a  major  collision  occurs,  the  broader  commu¬ 
nity  may  be  simply  unaware  of  the  severity  of  the  problem,  or 
they  may  tend  to  underestimate  the  potential  risk.  Therefore,  the 
technical  community  should  consider  implementing  an  ongoing, 
metric-based  stakeholder  awareness  program  alongside  the  devel¬ 
opment  of  a  technical  remedy. 
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CHAPTER  ONE 


Introduction:  The  Problem  of  Orbital  Debris 


What  Is  Orbital  Debris? 

Orbital  (space)  debris  represents  a  growing  threat  to  the  operation  of 
man-made  objects  in  space.1  According  to  Nick  Johnson,  the  National 
Aeronautics  and  Space  Administration’s  (NASA’s)  chief  scientist  for 
orbital  debris,  “[T]he  current  orbital  debris  environment  poses  a  real, 
albeit  low  level,  threat  to  the  operation  of  spacecraft”  in  both  low  earth 
orbit  (LEO)  and  geosynchronous  orbit  (GEO)  (Johnson,  2010).  This 
risk  poses  a  threat  to  the  United  States’  ability  to  access  and  use  the 
space  environment.  For  example,  on  the  most  recent  Hubble  Space 
Telescope  repair  mission  in  May  2009,  NASA  estimated  that  astro¬ 
nauts  faced  a  l-in-89  chance  of  being  fatally  injured  by  a  piece  of  debris 
while  operating  on  the  telescope  outside  the  space  shuttle  (Matthews, 
2009). 

The  United  States  maintains  a  catalog  for  space  objects  that  are 
larger  than  about  10  cm  in  diameter,  and  this  catalog  currently  contains 
about  20,000  objects,  of  which  debris  constitutes  a  majority  (Kehler, 
2010;  Space  Track,  undated).  In  addition,  NASA  estimates  that  there 
are  an  additional  500,000  objects  between  1  and  10  cm,  and  that  there 
are  likely  tens  of  millions  of  particles  smaller  than  a  centimeter  (Orbital 
Debris  Program  Office,  undated). 


1  NASA  defines  orbital  debris  as  “artificial  objects,  including  derelict  spacecraft  and  spent 
launch  vehicle  orbital  stages,  left  in  orbit  which  no  longer  serve  a  useful  purpose”  (NASA- 
Handbook  8719.14,  2008). 
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These  smaller  objects  pose  some  of  the  greatest  risk  to  orbiting 
payloads.  As  Johnson  notes,  “[T]he  principal  threat  to  space  opera¬ 
tions  is  driven  by  the  smaller  and  much  more  numerous  uncatalogued 
debris”  (Johnson,  2010).  In  LEO,  objects  have  velocities  of  7  or  8  km/s 
with  respect  to  the  ground,  which  means  that  even  small  particles  can 
impart  a  tremendous  amount  of  energy  if  they  collide  with  another 
object.  This  threat  is  especially  sobering  because  most  small  particles 
are  uncataloged.2 

Prior  to  2007,  the  primary  source  of  orbital  debris  was  explosions 
of  spent  rocket  engines.  Originally,  these  engines  were  jettisoned  in 
orbit  after  launch,  and  the  remaining  fuel  expanded  because  of  the 
thermal  conditions.  Under  the  right  conditions,  the  pressure  became 
too  great,  and  the  rocket  body  exploded.  Since  the  mid-1990s,  engines 
have  been  designed  with  valves  that  relieve  the  pressure  by  venting  the 
residual  fuel,  and  contemporary  rocket  bodies  are  no  longer  a  major 
contributor  of  debris. 

To  date,  the  largest  two  contributors  of  debris  have  been  col¬ 
lision  events.  The  first  was  the  2007  Chinese  antisatellite  (ASAT) 
test.  As  part  of  this  test,  China  launched  a  ballistic  missile  and  hit 
the  Fengyun-lC,  a  defunct  Chinese  weather  satellite.  This  collision 
event  generated  a  debris  cloud  that  has  added  2,606  trackable  objects 
to  the  U.S.  space  catalog  as  of  June  2010  (Space  Track,  undated).  In 
addition,  some  estimates  suggest  that  between  35,000  and  500,000 
smaller,  untrackable  pieces  of  debris  were  created  as  a  result  of  this  test 
(Carrico  et  ah,  2008).  The  second  event  was  an  inadvertent  collision 
in  February  2009  between  an  active  Iridium  communications  satel¬ 
lite  and  Cosmos  2251,  a  retired  Russian  communications  satellite.  This 
crash  added  1,658  trackable  objects  to  the  U.S.  catalog  as  of  June  2010 
(Space  Track,  undated). 


2  By  contrast,  larger  objects  are  relatively  easy  to  track  and  catalog.  In  addition,  many  large 
objects  in  LEO  will  eventually  fall  back  to  earth.  This  is  because  the  larger  objects  have  a 
higher  drag  coefficient,  so  they  tend  to  slow  down,  enter  the  earth’s  atmosphere,  and  burn  up 
upon  reentry. 
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Objective 

The  Defense  Advanced  Research  Projects  Agency  (DARPA),  within 
the  context  of  the  Catcher’s  Mitt  study,  is  in  the  preliminary  stages 
of  investigating  potential  technical  solutions  for  remediating  debris.3 
This  investigation  is  a  critical  step  because  even  the  most  rudimentary 
cleanup  techniques  will  require  significant  research  and  field  testing 
before  they  can  be  successfully  implemented.  In  addition,  future  path¬ 
finder  missions  will  require  extensive  resources,  and  the  U.S.  govern¬ 
ment  will  need  sufficient  justification  before  pursuing  these  programs.4 

With  this  background  in  mind,  this  research  had  three  primary 
goals.  The  first  was  to  determine  whether  analogous  problems  from 
outside  the  aerospace  industry  exist  that  are  comparable  to  the  prob¬ 
lem  of  orbital  debris.  Assuming  that  such  problems  exist,  the  second 
goal  was  to  develop  a  list  of  identifying  characteristics  along  with  an 
associated  framework  that  could  be  used  to  describe  all  of  these  prob¬ 
lems,  including  debris.  The  final  goal,  provided  that  the  first  two  were 
possible,  was  to  use  the  framework  to  draw  comparisons  between  space 
debris  and  the  analogous  problems.  Ultimately,  we  hoped  to  provide 
context  and  insight  for  decisionmakers  by  asking  the  following  ques¬ 
tion:  How  have  other  industries  approached  their  “orbital  debris-like” 
problems?  What  lessons  can  be  learned  from  these  cases  before  pro¬ 
ceeding  with  mitigation  or  remediation  measures?5 


3  The  DARPA  Catcher’s  Mitt  study  is  tasked  with  the  following  objectives:  model  the  space 
debris  problem  and  its  future  growth;  determine  which  class  of  satellites  is  most  affected; 
and,  if  appropriate,  explore  technically  feasible  solutions  for  debris  removal.  DARPA  intends 
to  use  the  results  of  the  Catcher’s  Mitt  study  to  determine  whether  or  not  to  invest  in  a  space 
debris  remediation  program  (Jones,  undated). 

4  We  define  the  word  pathfinder  to  mean  an  experimental  prototype  used  to  prove  a 
capability. 

5  Readers  seeking  additional  background  on  the  debris  problem  are  encouraged  to  obtain 
a  copy  of  Artificial  Space  Debris  by  Nicholas  L.  Johnson  and  Darren  S.  McKnight  (1987). 
Alternatively,  see  Donald  J.  Kessler  and  Burton  G.  Cour-Palais’s  1978  paper  entitled  “Colli¬ 
sion  Frequency  of  Artificial  Satellites:  The  Creation  of  a  Debris  Belt,”  which  is  considered  the 
seminal  work  on  the  problem  of  orbital  debris. 
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This  monograph  summarizes  our  methodology,  describes  the 
framework  that  we  developed,  and  highlights  the  observations  that  we 
made  when  analyzing  debris  and  all  of  the  comparable  problems. 
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Methodology 


We  began  by  examining  how  perspectives  from  environmental  law, 
insurance  regulation,  international  relations,  policing  strategies,  and 
deterrence  theory  could  inform  the  space  debris  community  from 
broader,  nontechnical  perspectives.  During  discussions  with  experts 
with  remediation  experience  from  outside  the  aerospace  industry,  we 
examined  how  technology  demonstrations  affected  the  deployment  of 
remediation  efforts  in  these  other  industries.  Furthermore,  we  investi¬ 
gated  key  legal,  economic,  regulatory,  and  policy  concerns  that  should 
be  considered  when  evaluating  the  feasibility  of  testing  technology 
aimed  at  reducing  orbital  debris. 

In  these  discussions,  we  realized  that  orbital  debris  belonged  to  a 
group  of  problems  that  share  a  similar  set  of  characteristics.  We  there¬ 
fore  hypothesized  that  all  of  these  problems  could  be  evaluated  using  a 
single  framework,  and  that  we  could  use  this  framework  to  draw  com¬ 
parisons  between  them. 

This  idea  presented  us  with  the  following  approach:  Use  these 
comparable  problems  to  yield  fresh  insights  on  how  to  think  about  and 
deal  with  the  debris  problem.  For  example,  how  do  other  industries 
approach  remediation?  How  has  technology  development  and  deploy¬ 
ment  enabled  the  remediation  efforts?  Are  there  any  lessons  that  could 
be  applied  to  the  debris  problem? 

We  assembled  a  list  of  comparable  problems  that  could  be  ana¬ 
lyzed  for  insights.  By  choosing  to  investigate  an  extensive  list  of  com¬ 
parable  problems,  we  were  able  to  gather  and  analyze  a  set  of  data  from 
open  literature  sources  that  was  comprehensive  and  objective.  In  addi- 
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tion,  this  allowed  us  to  ask  detailed  questions  about  how  these  prob¬ 
lems  evolved  over  time.  For  example,  how  much  time  elapsed  between 
recognizing  that  a  problem  existed  and  fielding  an  acceptable  solution? 

Our  primary  tool  for  gathering  data  was  through  a  literature 
survey.  We  also  supplemented  this  review  with  discussion  with  experts 
on  several  topics  that  we  analyzed.  We  used  the  results  from  these  con¬ 
versations  to  supplement  our  understanding  and  to  confirm  that  our 
findings  were  consistent  with  the  established  beliefs  of  the  community. 

In  the  end,  we  gathered  the  following  pieces  of  information  for 
each  of  the  comparable  problems: 

1.  Basic  overview.  What  is  the  problem? 

2.  Calendar  dates  of  key  milestones.  When  was  the  problem  first 
identified?  When  were  major  mitigation  measures  imposed? 
When  (if  at  all)  were  remedies  fielded? 

3.  Stakeholder  demographics.  Who  is  viewed  as  having  caused 
the  problem?  Who  is  affected  by  it?  How  large  is  each  group? 
How  diverse  are  their  interests? 

4.  Current  status.  What  was  the  status  of  each  of  the  problems,  as 
of  May  2010?  Was  it  being  remedied  or  simply  mitigated? 

Once  we  had  this  information,  we  set  about  describing  a  stan¬ 
dard  process  that  could  address  space  debris  and  any  of  the  comparable 
problems.  To  aid  in  this  process,  we  also  designed  a  set  of  tools  that 
allowed  us  to  describe  the  current  status  of  debris  and  all  of  the  com¬ 
parables.  Once  described  using  this  framework,  we  started  looking  for 
similarities  and  lessons  that  could  be  applied  to  the  debris  problem. 

The  remainder  of  this  document  effectuates  the  methodology 
described  in  this  chapter.  In  Chapter  Three,  we  introduce  the  set  of 
comparable  problems  that  we  considered  throughout  the  analysis.  We 
also  present  a  list  of  characteristics  that  we  developed  to  describe  all  of 
the  problems.  In  Chapter  Four,  we  define  the  key  terms  of  mitigation 
and  remediation,  and  in  Chapter  Five,  we  describe  the  framework  that 
we  developed.  Chapter  Six  contains  an  analysis  that  compares  each 
problem’s  historical  progress  as  it  moved  from  identification  to  miti¬ 
gation  or  remediation.  Chapter  Seven  reviews  the  concept  of  mitiga- 


Methodology  7 


tion  and  provides  some  effective  lessons  from  other  industries.  Chapter 
Eight  explores  the  concept  of  remediation,  and  we  use  the  2010  Deep¬ 
water  Horizon  (DH)  oil  spill  as  a  case  study  to  draw  some  conclusions 
about  the  nature  of  an  effective  remedy.  In  Chapter  Nine,  we  summa¬ 
rize  the  important  conclusions  from  the  earlier  chapters,  and  we  pro¬ 
vide  some  overall  observations  on  the  entire  analysis. 

This  document  also  contains  some  helpful  appendixes.  Appendix 
A  contains  a  brief  list  of  the  comparable  problems  that  we  identified 
and  considered  throughout  this  project.  Appendix  B  summarizes  the 
current  status  of  each  of  these  problems. 


CHAPTER  THREE 


Comparable  Problems  and  Identifying 
Characteristics 


The  good  news  about  orbital  debris  is  that  it  is  not  a  unique  problem. 
Several  industries  have  faced  analogous  challenges  over  the  past  cen¬ 
tury  and  dealt  with  them  successfully. 

We  identified  the  following  nine  comparable  examples  for  use  in 
this  analysis:  acid  rain,  airline  security,  asbestos,  chlorofluorocarbons 
(CFCs),  hazardous  waste,  oil  spills,  radon,  spam,  and  U.S.  border  con¬ 
trol.1  We  assume  that  the  reader  has  a  general  familiarity  with  each  of 
these  topics,  and  this  level  of  knowledge  will  be  sufficient  to  under¬ 
stand  the  concepts  presented  in  this  monograph.  In  addition,  Appen¬ 
dix  A  contains  a  table  that  briefly  describes  each  of  these  issues. 

We  chose  these  problems  because  they  all  possess  the  following 
characteristics: 

1.  Behavioral  norms  (past  and/or  present)  do  not  address  the 
problem  in  a  satisfactory  manner.2  In  other  words,  the  exist¬ 
ing  state  of  affairs  does  not  (and  will  not)  provide  an  accept¬ 
able  solution  now  or  in  the  future.  In  most  industries,  there  is 


1  We  chose  these  nine  problems  because  they  represent  a  diverse  set  of  issues.  Other  com¬ 
parable  problems  certainly  exist;  this  list  is  not  meant  to  be  exhaustive. 

2  We  broadly  define  “behavioral  norms”  to  include  individual,  commercial,  or  government 
conduct.  These  norms  may  be  based  on  individual  behavior,  government  regulations,  or  stan¬ 
dard  industry  practices.  Addressing  a  problem  in  a  satisfactory  manner  should  be  considered 
the  same  as  reducing  risk  below  tolerance  levels.  The  role  that  risk  plays  in  finding  an  accept¬ 
able  solution  is  discussed  in  more  detail  in  Chapter  Four. 
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a  set  of  cultural  and  behavioral  norms  that  govern  acceptable 
behavior.  These  norms  discourage  the  majority  of  individuals 
from  engaging  in  the  unwanted  behavior,  and  the  results  are 
usually  satisfactory.  However,  for  a  problem  like  orbital  debris, 
having  a  set  of  normative  behaviors  does  not  provide  an  accept¬ 
able  solution.  For  example,  most  of  the  international  space  com¬ 
munity  agrees  that  creating  additional  debris  is  not  acceptable. 
Yet,  debris  creation  continues  to  proliferate  for  a  variety  of  rea¬ 
sons,  despite  the  established  belief  that  debris  is  damaging  to  the 
orbital  environment. 

2.  The  risk  of  collateral  damage  is  significant.  If  a  problem  is 
not  self-contained,  the  actions  of  one  party  will  affect  another. 
Most  often,  these  actions  will  manifest  themselves  as  inad¬ 
vertent  casualties  (“collateral  damage”)  or  damages  to  a  third 
party’s  property.  This  threat  of  collateral  damage  necessitates 
an  infrastructure  that  can  protect  the  interests  of  all  stakehold¬ 
ers.  For  example,  if  the  owner  of  one  satellite  creates  debris,  the 
resulting  fragments  could  start  a  chain  reaction  affecting  other 
entities’  satellites  and  thus  their  capability,  capital  investment, 
or  revenue  stream. 

3.  There  will  always  be  an  endless  supply  of  “rule-breakers.” 

Rule-breakers  may  violate  the  prevailing  behavioral  norms 
intentionally  or  by  accident;  their  intent  does  not  matter.  What 
does  matter  is  that  the  supply  of  rule-breakers  is  endless.  For 
example,  debris  has  been  created  intentionally,  by  exploding 
lens  caps,  ASAT  tests,  or  negligent  command  and  control  (C2), 
and  by  accident,  as  when  two  satellites  collide  on  orbit.  Even  if 
everyone  agreed  to  stop  creating  new  debris  by  tethering  lens 
caps  and  ceasing  ASAT  use,  existing  on-orbit  satellites  may  col¬ 
lide  with  one  another  and  generate  a  debris  cloud.  In  addition, 
new  space-faring  countries  may  not  possess  the  technical  capa¬ 
bility  or  the  financial  means  to  effectively  follow  existing  rules 
and  guidelines.  In  either  case,  it  is  reasonable  to  assume  that 
new  debris  will  continue  to  proliferate. 

4 .  The  problem  will  likely  never  be  considered  “solved”  because 
the  root  cause  is  difficult  to  eliminate.  There  may  be  several 
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reasons  behind  this  inability  to  achieve  “solved”  status,  but  the 
biggest  is  often  that  eliminating  the  root  cause  is  technically 
challenging  or  extremely  expensive.  At  the  moment,  there  is  no 
cost-effective  way  to  remove  or  relocate  threatening  debris  in 
orbit.  In  other  cases,  eliminating  the  root  cause  may  simply  not 
be  an  option.  For  example,  the  international  community  could 
decide  to  refrain  from  using  the  space  environment,  and  debris 
would  no  longer  be  a  concern.  Obviously,  this  would  be  unac¬ 
ceptable  to  most  space-faring  corporations  and  governments, 
including  the  United  States.  In  a  best-case  scenario,  the  solution 
will  be  an  asymptotic  approach  in  which  the  risk  is  lowered  to 
a  level  agreed  on  by  all  stakeholders.  The  “solution”  will  merely 
minimize  collateral  damage  or  effects  to  a  level  that  is  tolerable. 

In  addition  to  the  comparable  problems  that  we  listed,  there  were 
several  prospective  choices  that  we  considered  but  did  not  include  in 
the  final  analysis.  For  example,  we  decided  to  omit  global  warming.  At 
first  glance,  global  warming  seems  like  an  obvious  choice:  Like  orbital 
debris,  it  is  a  global  problem  that  reaches  across  international  bound¬ 
aries.  However,  of  all  the  comparable  problems  that  we  considered, 
global  warming  was  the  most  politically  polarizing,  and  we  were  not 
able  to  find  sources  on  which  both  sides  of  the  debate  could  agree.  In 
the  end,  we  concluded  that  a  comparison  with  global  warming  would 
prove  more  distracting  than  enlightening  for  this  analysis. 

However,  by  making  this  decision,  we  also  eliminated  a  key  com¬ 
parable  problem  that,  like  debris,  reached  across  numerous  interna¬ 
tional  boundaries  and  relationships.  None  of  the  nine  comparables 
offer  such  a  diverse  set  of  cross-border  and  relationship  considerations. 

This  is  a  fair  critique,  but  all  of  the  comparable  problems  have 
stakeholders  who  possess  a  set  of  values  similar  to  a  group  of  nation¬ 
states.  For  example,  for  acid  rain,  all  of  the  polluters  (i.e.,  individual 
factories)  have  the  same  motivation  and  self-interest  that  a  group  of 
countries  would  have.  Each  wishes  to  protect  its  stakeholders,  and  each 
brings  different  cultural  values  to  the  discussion.  In  addition,  local  and 
state  laws  must  be  reconciled  with  one  another  as  federal  policymak¬ 
ers  decide  on  the  best  path  forward.  Finally,  the  problem  of  acid  rain 
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cannot  be  solved  unless  all  parties  involved  agree  on  a  solution.  This 
situation  is  no  different  from  the  debris  problem,  in  which  space-faring 
countries  and  corporations  must  work  together  to  develop  effective 
solutions. 


CHAPTER  FOUR 


Nomenclature 


Mitigation  and  Remediation 

Since  we  will  use  the  terms  mitigation  and  remediation  throughout 
this  document,  it  is  critical  to  define  their  meanings  and  distinguish 
between  them  before  proceeding  with  the  analysis. 

Mitigation  refers  to  a  class  of  actions  designed  to  lessen  the  pain  or 
reduce  the  severity  of  something.  Standards,  rules,  and  regulations  are 
common  examples  of  mitigating  actions:  They  do  not  stop  unwanted 
behavior  or  completely  eliminate  undesirable  outcomes,  but  they  can 
reduce  the  frequency  or  severity  of  bad  events. 

Mitigation  measures  are  aimed  at  preventing  a  problem  from  get¬ 
ting  worse.  Because  of  this,  an  effective  mitigation  strategy  needs  to  be 
comprehensive,  adaptable,  and  self-correcting. 

By  contrast,  remediation  aims  to  reverse  events  or  stop  undesired 
effects.  Remediation  is  often  achieved  using  a  technical  innovation  to 
reverse  undesired  outcomes  or  eliminate  undesired  risks.1  For  exam- 


1  In  this  document,  we  purposely  avoid  discussing  specific  remediation  technologies  that 
have  been  proposed  for  space  debris.  However,  we  also  recognize  that  those  who  are  new 
to  the  debris  problem  need  to  understand  what  it  means  to  “remediate  debris.”  Therefore, 
we  will  mention  two  exemplar  technologies  currently  under  consideration.  One  proposed 
approach  would  use  laser  radiation  to  affect  a  spacecraft’s  momentum  to  accelerate  the 
de-orbiting  process.  An  alternative  approach  would  use  robots  to  reposition  (or  de-orbit) 
large  pieces  of  debris.  We  mention  these  particular  methods  simply  because  they  are  easy  to 
describe  within  a  few  sentences;  they  are  not  necessarily  the  most  technologically  mature  nor 
have  they  been  widely  accepted  by  the  space  community  as  viable  solutions. 
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pie,  airports  use  X-ray  machines,  magnetometers,  and  microwave  body 
scanners  as  part  of  their  screening  process. 

Remedies  are  often  employed  in  reaction  to  something,  and  this 
has  a  few  implications  about  their  use.  First,  remedies  are  targeted  reac¬ 
tions  designed  to  address  an  event  that  has  already  occurred.  Because 
remedies  should  have  a  targeted  purpose,  several  remediation  strategies 
may  be  needed  to  address  the  overall  problem.  Finally,  remedies  are 
often  (but  not  always)  employed  after  catastrophic  events. 

For  the  specific  case  of  space  debris,  mitigation  refers  to  any 
action  that  slows  or  prevents  the  future  growth  of  the  debris  popula¬ 
tion.  Remediation  is  any  action  aimed  at  reducing  or  eliminating  the 
population  of  existing  space  debris  so  as  to  avoid  future  catastrophe. 


CHAPTER  FIVE 


A  Framework  for  Addressing  Orbital  Debris  and 
the  Comparable  Problems 


Framework 

Orbital  debris,  as  well  as  all  of  the  comparable  problems,  is  best 
addressed  using  a  series  of  increasingly  aggressive  measures  designed  to 
discourage  the  accidental  or  intentional  creation  of  debris.  This  chapter 
outlines  a  framework  that  we  developed  to  describe  this  step-by-step 
approach. 

The  framework,  shown  in  Figure  5.1,  is  represented  by  a  series  of 
concentric  rings,  where  actions  become  more  aggressive  as  they  move 
toward  the  center  of  the  diagram.  This  concentric  geometry  high¬ 
lights  an  important  feature  of  the  approach:  As  the  community  moves 
toward  the  center  (and  increasingly  aggressive  deterrents),  the  size  of 
the  debris-generating  population  decreases  with  each  inward  step. 

The  first  step  in  addressing  orbital  debris — or  any  of  the  compa¬ 
rable  problems — is  to  identify,  characterize,  and  bound  the  topic  in 
question,  as  the  problem  cannot  be  addressed  unless  it  is  first  recog¬ 
nized  and  understood  by  the  community  as  being  an  issue  of  concern. 

Once  the  problem  has  been  identified,  characterized,  and  bounded, 
the  next  step  is  to  set  normative  behaviors  that  establish  acceptable 
conduct.  Most  entities  will  abide  by  established  norms  simply  because 
they  exist,  and  this  is  usually  an  effective  first  step  toward  reducing  the 
number  of  entities  engaging  in  unwanted  behavior. 

The  United  States  Pollution  Prevention  Act  of  1990  is  a  good 
example  of  an  action  that  clearly  defines  some  normative  behaviors. 
This  act  established  the  following  expectations: 
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Figure  5.1 

Framework  Stages  via  Concentric  Rings 


RAND  MG  7 042-5. 1 


Pollution  should  be  prevented  or  reduced  at  the  source  whenever 
feasible;  pollution  that  cannot  be  prevented  should  be  recycled  in 
an  environmentally  safe  manner  whenever  feasible;  pollution  that 
cannot  be  prevented  or  recycled  should  be  treated  in  an  environ¬ 
mentally  safe  manner  whenever  feasible;  and  disposal  or  other 
release  into  the  environment  should  be  employed  as  a  last  resort 
and  should  be  conducted  in  an  environmentally  safe  manner. 
(United  States  Environmental  Protection  Agency  [EPA],  2000) 

In  the  case  of  orbital  debris,  the  established  behavioral  norm  is 
that  most  countries  have  agreed  not  to  pollute  the  space  environment 
if  they  can  avoid  doing  so.  This  norm  is  merely  a  suggestion;  there  are 
currently  no  direct  legal  or  financial  penalties  for  littering  in  space. 
However,  the  U.S.  space  community  has  adopted  this  practice  on  good 
faith  and  does  not  purposefully  release  debris  into  the  environment. 

Norms  tend  to  discourage  unwanted  behavior,  but  some  individ¬ 
uals  or  groups  will  continue  to  flout  them.  To  discourage  these  wrong¬ 
doers,  the  next  step  is  to  establish  mitigation  practices,  which  may  con¬ 
sist  of  any  combination  of  rules,  regulations,  standards,  incentives,  or 
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penalties.  These  incentive  structures  are  usually  very  effective  at  reduc¬ 
ing,  while  not  necessarily  eliminating,  the  population  of  rule-breakers. 

Currently,  orbital  debris  mitigation  occurs  via  a  number  of  guide¬ 
lines  that  have  been  established  by  NASA,  the  United  Nations,  and 
the  European  Space  Agency.  For  example,  in  1993  NASA  published  a 
list  of  guidelines  that  future  U.S.  space  missions  should  observe.  The 
behaviors  mentioned  on  the  list  include  the  following  suggested  prac¬ 
tices:  tethering  lens  caps,  venting  spent  rocket  bodies  after  separation, 
and  minimizing  the  use  of  explosive  bolts  (NASA,  1993).  In  practice, 
U.S.  corporations  have  adopted  these  measures,  and  these  items  are 
now  inspected  as  part  of  the  final  readiness  review  for  every  spacecraft 
launched  from  the  United  States.  If  the  spacecraft  does  not  conform  to 
these  rules,  it  is  not  allowed  to  launch. 

These  mitigation  practices  have  been  quite  effective.  Before  these 
measures  were  adopted,  debris  caused  by  exploding  spent  rocket  bodies 
was  the  largest  contributor  to  the  overall  debris  population  (Prasad, 
2005).  The  rate  of  incidents  for  the  current  generation  of  spacecraft  has 
been  nearly  eliminated  because  of  the  adoption  of  these  measures. 

The  final  step  in  addressing  the  problem  is  remediation.  Norma¬ 
tive  behavior  and  mitigation  will  deter  most  of  the  community  from 
engaging  in  unwanted  behavior,  but  there  will  always  be  a  handful  of 
rule-breakers.  As  mentioned  in  the  previous  chapter,  remediation  is  a 
reactionary  measure  often  designed  to  undo  catastrophic  damage  that 
has  occurred.  When  a  problem  is  in  remediation,  the  aim  is  to  either 
relocate  the  problem’s  source  to  a  place  where  it  poses  less  risk  or  elimi¬ 
nate  it  entirely.  Currently,  there  are  not  any  cost-effective,  operational 
techniques  for  remediating  orbital  debris. 

One  example  from  the  list  of  comparable  problems  that  is  cur¬ 
rently  in  remediation  is  airline  security.  As  a  result  of  the  11  September 
2001  terrorist  attacks,  U.S.  military  jets  are  now  scrambled  if  a  plane 
is  hijacked  and  there  is  sufficient  evidence  to  suggest  that  the  plane 
may  be  used  as  a  weapon  of  mass  destruction.  One  remedy,  however 
grim,  would  be  the  decision  to  use  an  F-16  to  shoot  down  the  plane  as 
a  last  resort.  This  is  a  targeted  solution  to  a  specific  problem,  to  be  used 
only  after  terrorists  gain  control  of  a  plane.  This  remedy  would  serve  to 
relocate  the  problem  and  minimize  the  number  of  innocent  deaths  by 
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grounding  the  plane  over  a  region  that  is  less  dense  with  population  or 
industrial  activity.  As  this  example  demonstrates,  remedies  can  be  an 
important  last-ditch  contingency  option.  However,  remedies  need  to 
be  preceded  by  mitigation,  and  then  tested  and  proven  effective  before 
they  can  be  deployed. 

The  2010  DH  oil  spill  is  one  example  where  several  remedies 
were  ineffective  because  they  had  not  been  tested  in  real  world  condi¬ 
tions.  The  shutoff  valves  that  were  designed  to  close  the  wellhead  in  the 
event  of  an  accident  failed  to  engage.  In  addition,  the  oil  containment 
dome — developed  in  the  1970s  to  contain  spills  in  shallow  waters — 
initially  failed  to  work  because  it  was  not  designed  for  use  at  a  depth  of 
5,000  feet  (Krauss  and  Saulny,  2010). 


Progressing  Through  the  Stages 

In  practice,  the  stages  outlined  in  Figure  5.1  are  designed  for  use 
together  to  develop  an  effective  way  to  address  the  problem.  Even  as 
new,  more  aggressive  measures  are  enacted,  decisionmakers  should  con¬ 
tinue  to  iterate  the  actions  represented  by  the  outer  rings,  and  the  les¬ 
sons  gleaned  from  these  iterative  attempts  can  be  expected  to  improve 
outcomes  over  time. 

The  approach  must  also  be  flexible,  because  the  problem  will 
inevitably  evolve,  even  as  the  solution  is  implemented.  New  contribut¬ 
ing  factors  to  a  problem  may  be  discovered,  which  then  require  addi¬ 
tional  mitigation  or  remedies. 

Incorporating  the  Concept  of  Risk 

The  approach  shown  in  Figure  5.1  describes  a  framework  that  can  be 
used  to  address  orbital  debris  as  well  as  each  of  the  comparable  prob¬ 
lems.  However,  it  does  not  provide  an  explanation  of  how  this  strat¬ 
egy  should  be  implemented  over  time.  For  example,  when  should  deci¬ 
sionmakers  conclude  that  behavioral  norms  are  insufficient  and  begin 
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implementing  mitigation  actions?  The  answer  to  this  question  depends 
on  the  community’s  tolerance  for  risk.1 

Consider  a  decisionmaker  who  oversees  a  fleet  of  vehicles  charged 
with  transporting  a  benign  chemical  substance.  The  transport  vehicles 
are  several  years  old  and  occasionally  fail,  spilling  their  contents  all  over 
the  road.  The  substance  is  considered  to  be  harmless  to  living  species, 
so  the  community  is  generally  tolerant  of  these  spills.  The  only  per¬ 
ceived  threat  that  these  spills  pose  is  the  resulting  traffic  jam. 

In  this  example,  the  community  will  remain  indefinitely  just 
inside  the  Establish  Normative  Behaviors  ring  shown  in  Figure  5.1. 
The  fleet  manager — along  with  the  community — expects  the  drivers 
to  abide  by  the  rules  of  the  road,  but  as  long  as  the  spills  remain  occa¬ 
sional  and  accidental,  the  community  is  willing  to  accept  them  as  a 
fact  of  life. 

The  left-hand  plot  in  Figure  5.2  represents  such  a  scenario.  The 
blue  line  represents  the  rate  of  chemical  spills  (assumed  to  be  constant 
through  time  in  this  example),  and  the  green  line  is  a  notional  level 
of  the  community’s  tolerance  for  these  spills.  The  spills  occur  less  fre¬ 
quently  than  the  public’s  notional  risk  threshold,  so  nothing  else  will 
be  done  to  address  this  problem.  In  this  scenario,  normative  behaviors 
are  perceived  as  adequately  addressing  the  problem,  and  no  further 
actions  are  taken. 

However,  suppose  that  one  day  a  leading  scientist  presents  con¬ 
vincing  evidence  that  contact  with  the  transported  chemical  may  cause 
immediate  death  in  certain  individuals.  This  development  causes  the 
community  to  change  its  risk  tolerance:  People  want  the  frequency  of 
spills  reduced  by  half. 


1  For  the  purpose  of  this  research,  we  used  Willis’s  definition  of  risk,  which  (paraphrased) 
is  the  threat  of  an  unwanted  aftereffect  (Willis  et  ah,  2005).  If  the  risk  eventually  turns  into 
reality,  the  consequences  may  be  realized  as  (for  example)  lost  revenue,  reduced  capability, 
or  loss  of  an  asset.  Risk  can  be  subdivided  into  perceived  or  actuarial  risk,  both  of  which  can 
influence  a  problem.  For  this  research,  we  will  refer  to  risk  only  in  a  general  sense,  meaning 
that  it  can  be  either  perceived  or  actuarial.  We  acknowledge  that  the  distinction  is  important, 
but  specifying  this  level  of  detail  for  each  of  the  analogous  problems  is  outside  the  scope  of 
this  work. 
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Figure  5.2 

Risk  Tolerance  Versus  Undesirable  Behaviors  (Simple  Cases) 


8,  o 

n  ID  O 

=r  ^  2 

1 

1 

1 

1 

1 

1 

§  s  i 

=.  (5  3 

- 1 

- 1 

n  ®  C 
22-0  2. 

V 

t/l  -s  g 

■a  -i 

—  Q)  </l 
—  r+ 

(D 

1 

1 

1 

Time 

Time 

Critical 

event 

Time 

Critical 

event 

RAND  MG1042-S.2 

The  middle  plot  in  Figure  5.2  represents  this  scenario.  The  sci¬ 
entist’s  announcement  (the  “critical  event”)  is  represented  by  the  step 
function  in  the  green  curve.  After  the  announcement,  the  community’s 
acceptable  level  of  chemical  spills  (shown  in  green)  suddenly  decreases. 
The  fleet  manager  is  now  faced  with  a  crisis. 

To  address  this  problem,  the  decisionmaker  needs  to  proceed  to 
the  next  ring  in  Figure  5.1,  Mitigate.  He  sets  aside  a  portion  of  his 
budget  for  vehicle  repair,  and  he  authorizes  his  drivers  to  use  the  fund 
to  maintain  their  vehicles.  He  also  issues  a  new  rule:  Any  driver  who 
does  not  maintain  his  vehicle  will  be  dismissed. 

The  right-hand  plot  in  Figure  5.2  represents  the  result  of  this 
policy.  It  takes  some  time  after  the  scientist’s  announcement  for  the 
decisionmaker  to  formulate  and  implement  a  mitigation  policy,  but  his 
drivers  start  maintaining  their  vehicles,  and  chemical  spills  are  even¬ 
tually  cut  by  half.  Because  the  spill  rate  now  falls  below  the  notional 
tolerance  level  set  by  the  community,  the  problem  has  been  adequately 
addressed  using  mitigation. 

While  this  example  is  a  simple  problem  with  a  straightforward 
solution,  it  helps  to  highlight  some  important  concepts  of  the  frame¬ 
work  outlined  in  Figure  5.1: 


•  Decisionmakers  must  proceed  to  the  next  stage  when  the 
existing  level  of  unwanted  behavior  exceeds  the  community’s 
risk  tolerance  level.  In  this  case,  mitigation  practices  were  estab- 
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lished,  and  they  successfully  addressed  the  problem.  However, 
had  these  practices  only  been  marginally  successful,  the  deci¬ 
sionmaker  would  have  needed  additional  mitigation  efforts,  or 
he  would  have  needed  to  proceed  to  the  next  ring  to  pursue  a 
remedy. 

•  Eliminating  the  problem  is  not  necessarily  the  primary  objec¬ 
tive.  The  primary  goal  is  only  to  reduce  it  beneath  the  communi¬ 
ty’s  risk  tolerance  level.  If  the  decisionmaker  tried  to  eliminate  all 
chemical  spills,  he  might  risk  bankrupting  the  company  trying  to 
do  so.  As  long  as  the  frequency  of  spills  remains  below  the  toler¬ 
ance  level,  the  solution  is  considered  adequate,  and  no  additional 
effort  is  needed. 

•  As  mitigation  measures  are  enacted,  behavioral  norms  are 
still  at  work.  Even  after  the  decisionmaker  institutes  a  mitigation 
policy,  he  still  expects  his  drivers  to  engage  in  normative  behav¬ 
iors  by  abiding  by  the  rules  of  the  road.  The  result  is  a  compound 
effect:  When  implemented  together,  normative  behaviors,  mitiga¬ 
tion  practices,  and  direct  remedies  can  often  result  in  an  effective 
solution. 


Describing  Additional  Levels  of  Complexity 

The  example  cited  in  the  previous  section  is  relatively  simplistic,  but  this 
framework  can  be  adapted  to  more  complex  (and  realistic)  scenarios. 

In  the  hypothetical  chemical  spill  example,  neither  the  spill  rate 
nor  the  community’s  tolerance  for  spills  is  likely  to  remain  constant 
over  time.  This  concept  is  illustrated  in  the  left-hand  plot  of  Figure 
5.3.  The  maximum  depicted  by  the  blue  line  could  have  been  caused 
by  external  circumstances,  such  as  a  harsh  winter  that  prompted  more 
accidents  than  usual. 

One  might  assume  that  the  community  would  become  weary  of 
the  spills  and  its  tolerance  would  automatically  decrease  over  time,  but 
this  is  not  necessarily  the  case.  In  this  example  (Figure  5.3,  left-hand 
plot),  the  tolerance  level  gradually  increases  as  people  realize  that  death 
by  contact  is  an  exceedingly  rare  occurrence.  In  fact,  it  is  also  possible 
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Figure  5.3 

Risk  Tolerance  Versus  Undesirable  Behaviors  (Complex  Cases) 
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that  the  community’s  tolerance  for  these  spills  will  increase  over  time  if 
the  local  media  simply  ceases  to  report  them. 

In  other  circumstances,  sudden  critical  events  could  have  a  domino 
effect:  They  could  simultaneously  raise  the  spill  rate  and  decrease  the 
tolerance  threshold.  This  is  shown  in  the  middle  plot  of  Figure  5.3. 
In  a  short  time  after  the  critical  event,  the  tolerance  levels  could  drop 
to  unreasonably  low  levels,  only  to  recover  after  the  anomalous  event 
begins  to  fade  from  the  community’s  collective  memory.  The  DTI  is  a 
good  example  of  such  an  event.  In  the  days  immediately  after  the  spill, 
the  U.S.  government  issued  a  moratorium  on  deepwater  drilling.  FIow- 
ever,  this  act  will  likely  be  eased  as  the  country  begins  to  recover  and 
mitigate  against  future  events. 

Finally,  sometimes  it  might  take  several  steps  of  mitigation  (or 
premeditative)  efforts  before  the  problem  is  properly  addressed.  This 
concept  is  illustrated  in  the  right-hand  plot  of  Figure  5.3.  When  the 
fleet  manager’s  first  response  did  not  sufficiently  reduce  the  problem 
below  the  tolerance  threshold,  he  was  forced  to  take  additional  action: 
Fie  replaced  the  oldest  vehicles  in  the  fleet  with  new  ones. 


CHAPTER  SIX 


Analysis:  Comparing  the  Timeline  of  Orbital 
Debris  with  the  Timelines  of  the  Comparable 
Problems 


In  the  previous  chapter,  we  used  a  notional  example  of  chemical  spills 
to  describe  the  conditions  under  which  a  fleet  manager  would  move 
from  relying  on  behavioral  norms  to  implementing  mitigation  actions. 
In  this  chapter,  we  present  a  series  of  timelines  that  depict  how  orbital 
debris  and  the  nine  comparable  problems  have  progressed  through  the 
stages  of  identification,  establishing  behavioral  norms,  mitigation,  and 
remediation. 

As  we  mentioned  at  the  beginning  of  Chapter  Three,  we  are  using 
the  following  nine  comparable  problems  for  this  analysis:  acid  rain,  air¬ 
line  security,  asbestos,  CFCs,  hazardous  waste,  oil  spills,  radon,  spam, 
and  U.S.  border  control.  As  we  mentioned  earlier,  a  general  familiarity 
with  these  topics  is  sufficient  for  understanding  the  analysis  presented 
in  this  chapter,  but  a  brief  overview  of  each  of  these  topics  is  provided 
in  Appendix  A.  In  addition,  a  detailed  summary  on  the  current  status 
of  each  problem  is  provided  in  Appendix  B. 


Relative  Timelines 

When  evaluating  orbital  debris  and  the  comparable  examples,  it  is 
helpful  to  compare  how  the  problems  have  evolved  in  time  relative 
to  one  another.  To  do  this,  we  conducted  a  literature  survey  on  each 
of  the  comparable  problems.  We  then  determined  the  length  of  time 
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spent  in  each  stage  (problem  identification,  establishment  of  norma¬ 
tive  behaviors,  mitigation,  and  remediation)  based  on  research  from 
periodical  sources,  legislative  records,  and  court  rulings.  We  also  con¬ 
sulted  existing  analyses  from  the  Congressional  Research  Service,  the 
United  States  Government  Accountability  Office  (GAO),  and  the 
RAND  Corporation.  The  events  associated  with  each  problem  were 
then  visualized  in  a  timeline  format  using  a  software  package  designed 
for  this  purpose.  Finally,  we  inspected  each  timeline  and  made  a  judg¬ 
ment  about  the  approximate  year  in  which  each  problem  entered  a  new 
stage.  All  of  the  references  that  we  used  for  this  task  are  listed  by  topic 
in  the  “Works  Consulted  for  Timelines”  section  at  the  end  of  this  doc¬ 
ument.  The  result  is  shown  in  Figure  6.1,  and  it  provides  a  notional 
comparison  that  shows  how  each  of  the  problems  progressed  through 
the  four  stages. 

It  is  important  to  note  that  previous  stages  do  not  stop  occurring 
when  a  new  one  begins.  This  is  because  these  problems  continue  to 
evolve,  and  the  entire  strategy — including  all  of  the  stages  enacted  to 
the  current  point — must  adapt  to  these  changes.  For  example,  border 
control  is  shown  in  remediation  since  the  early  1900s,  but,  even  today, 
the  community  continues  to  reidentify  the  problem,  develop  norma- 
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Notional  Comparison  of  Concentric  Ring  Progression  over  Time  Across 
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tive  behaviors,  and  implement  mitigation  strategies  to  address  the  latest 
developments. 

The  geometry  of  the  bar  chart  also  suggests  that  a  finite  boundary 
exists  between  each  of  the  stages,  but  this  is  generally  not  the  case.  For 
many  of  the  problems,  the  change  from  behavioral  norms  to  mitigation 
or  from  mitigation  to  remediation  did  not  happen  at  a  discrete  moment 
in  time.  Instead,  transitions  occurred  over  a  series  of  months  or  years 
as  legislation  or  court  rulings  (for  example)  were  refined  or  updated. 

We  used  our  best  judgment  to  determine  where  these  breaks 
should  occur,  based  on  the  list  of  references  that  we  researched.  How¬ 
ever,  these  transitions  are  approximate  and  are  only  meant  to  provide  a 
graphical  representation  of  the  relative  progress  between  the  different 
problems.  We  did  not  create  this  chart  with  the  intent  of  pinpointing 
the  exact  year  in  which  a  problem  entered  a  new  stage.1 

The  chart  shown  in  Figure  6.1  is  useful  because  it  shows  the  rela¬ 
tive  lifetime  for  all  of  the  comparable  problems.  Border  control  is — 
by  far — the  oldest  issue,  while  spam  and  radon  are  newer  problems, 
by  comparison.  A  closer  inspection  of  the  chart  yields  the  following 
observations: 

•  It  may  take  several  years  to  identify  the  problem.  There  are 
several  reasons  why  this  may  be  the  case.  First,  there  may  be  dis¬ 
agreement  within  the  community  on  whether  or  not  a  problem 
actually  exists.  In  addition,  identifying  the  problem  may  be  dif¬ 
ficult  because  of  poor  measurement  techniques  or  insufficient 
communication  within  the  community.  When  the  first  asbestos 
exposure  cases  were  tried  in  court,  there  was  evidence  “that  the 
manufacturers  had  known  about  the  dangers  of  asbestos  exposure 
as  early  as  the  1930s”  (Carroll  et  al.,  2005).  Finally,  it  may  take  a 
while  for  a  phenomenon  to  reach  a  critical  mass  before  it  is  con¬ 
sidered  a  problem.  For  example,  the  first  piece  of  spam  was  sent 
in  May  1978,  but  spam  did  not  become  a  serious  problem  until 
the  Internet  linked  large  numbers  of  personal  computers  together. 


1  To  emphasize  the  fact  that  these  transitions  are  approximate,  the  horizontal  axis  has  been 
labeled  in  25-year  increments  instead  of  in  5-  or  10-year  increments. 
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•  In  some  cases,  a  single  critical  event  is  enough  to  propel  the 
problem  through  several  stages  at  once.  These  events  cause  a 
shock  to  the  status  quo  and  cause  the  community’s  risk  toler¬ 
ance  to  drop  precipitously.  For  example,  publicity  surrounding 
the  toxic  Love  Canal  incident  in  the  late  1970s  caused  the  Ameri¬ 
can  public  to  suddenly  identify  hazardous  waste  as  an  important 
public  health  issue.  This  concern  prompted  Congress  to  pass  the 
Comprehensive  Environmental  Response,  Compensation,  and 
Liability  Act  (CERCLA)  in  December  1980  (EPA,  undated[a]). 
Known  more  commonly  as  the  Superfund,  this  law  empowers 
the  EPA  to  assign  industrial  custodians  who  are  then  responsible 
for  cleaning  up  the  spill.  In  this  case,  hazardous  waste  went  from 
identification  to  remediation  within  a  five-year  span. 

•  A  problem  does  not  need  a  long  lifetime  in  order  to  enter 
remediation.  Even  if  a  problem  has  been  around  for  a  relatively 
short  amount  of  time,  it  can  still  enter  remediation  as  quickly 
as  its  community  deems  necessary.  For  example,  once  radon  in 
American  homes  was  recognized  as  a  problem,  the  federal  gov¬ 
ernment  passed  regulations  and  a  massive  public  awareness  cam¬ 
paign  ensued  to  address  the  problem  (“Radon  Safety  Standard 
Issued,”  1986).  The  problem  entered  remediation  a  mere  decade 
after  it  was  identified. 

•  Once  in  remediation,  the  problem  is  not  considered  “solved.” 

The  comparable  problems  shown  in  Figure  6.1  remain  important 
issues,  even  in  the  cases  in  which  remediation  has  been  success¬ 
ful.  Remediation  is  often  a  reaction  to  a  catastrophe,  and  rem¬ 
edies  will  always  be  needed  as  long  as  the  risk  of  future  catastro¬ 
phe  exists.  (Recall  that  there  will  always  be  an  endless  supply  of 
rule-breakers,  as  discussed  in  Chapter  Three.)  In  addition,  these 
problems  continue  to  evolve,  and  the  remediation  strategies  must 
evolve  to  address  these  new  concerns. 


CHAPTER  SEVEN 


Mitigation  Strategies  and  Their  Use  in  Other 
Communities 


This  chapter  examines  the  concepts  of  mitigation  in  more  detail.  After 
reviewing  our  definition  of  mitigation,  we  introduce  a  set  of  tools  that 
can  be  used  to  identify  and  describe  the  stakeholders.  This  is  an  impor¬ 
tant  first  step  because  a  mitigation  strategy  will  only  be  effective  if  it 
considers  the  interests  and  needs  of  everyone  involved. 

After  describing  the  stakeholders,  we  introduce  three  approaches 
to  mitigation  that  were  originally  developed  within  the  context  of  the 
environmental  protection  industry.  However,  these  approaches  are  gen¬ 
eral  enough  that  they  can  be  applied  to  any  of  the  comparable  prob¬ 
lems,  including  orbital  debris. 

Finally,  we  conclude  this  chapter  with  some  practical  examples  of 
mitigation  strategies  currently  in  use.  We  highlight  current  mitigation 
efforts  for  airline  security,  radon,  and  acid  rain. 


What  Is  Mitigation? 

Mitigation  refers  to  a  class  of  actions  designed  to  lessen  the  pain  or 
reduce  the  severity  of  an  outcome.  Mitigation  does  not  address  the  root 
cause  of  a  problem,  but  it  can  effectively  treat  the  symptoms. 

Mitigation  efforts  are  usually  enacted  to  reduce  the  risk  associated 
with  a  future  catastrophe.  Because  of  this,  these  measures  are  inherently 
preventive:  They  are  put  in  place  ahead  of  time,  with  the  expectation 
that  the  measures  will  treat  current  and  future  symptoms.  However,  in 
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order  to  be  effective,  the  strategy  should  be  comprehensive  enough  to 
address  these  expected  outcomes.  Most  important,  the  strategy  should 
also  be  adaptable  to  change  as  the  problem  evolves. 


Describing  the  Stakeholder  Community 

When  designing  a  strategy  to  mitigate  against  unwanted  behavior,  the 
first  step  is  to  identify  and  describe  the  community  that  surrounds  the 
problem.  This  section  introduces  two  metrics  that  can  be  used  to  clas¬ 
sify  the  stakeholder  population. 

The  first  tool  that  we  created  to  describe  the  stakeholder  commu¬ 
nity  uses  the  metrics  of  size  and  diversity.  Figure  7.1  shows  a  notional 
rendering  of  the  stakeholder  space  using  these  metrics. 

At  one  extreme,  there  is  a  single  stakeholder  with  a  specific  set  of 
stated  interests.  This  scenario  is  often  the  easiest  to  mitigate:  With  one 
singular  entity  and  set  of  interests,  developing  a  solution  to  a  problem 
is  usually  straightforward. 

Figure  7.1 
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The  region  in  the  upper  left  corner  of  the  fan  represents  a  large 
community  with  a  homogenous  set  of  interests.  Communities  that  fit 
these  descriptions  are  usually  easy  to  manage  because  everyone  shares 
a  similar  set  of  values  and  goals.  However,  a  larger  infrastructure  may 
be  necessary  to  manage  the  larger  population. 

The  upper  right  portion  of  the  fan  represents  a  large  commu¬ 
nity  with  a  diverse  set  of  interests.  Problems  that  affect  these  types  of 
communities  are  the  most  challenging  to  mitigate  because  the  mitiga¬ 
tion  strategy  has  to  satisfy  a  diverse  community  with  a  wide  variety  of 
interests. 

Another  metric  that  we  developed  to  characterize  the  population 
of  stakeholders  is  the  overlap  between  the  group  that  may  have  caused 
the  problem  and  the  group  that  is  affected  by  it.  This  concept  is  illus¬ 
trated  in  Figure  7.2. 

Figure  7.2  shows  two  converging  bars,  each  representing  a  differ¬ 
ent  population.  The  top  bar  is  labeled  “Blameworthy,”  and  this  group 
represents  the  community  that  may  be  responsible  for  causing  the 
problem.1  The  lower  bar  is  labeled  “Affected,”  and  this  group  represents 
the  community  that  is  affected  by  the  problem’s  repercussions. 

Figure  7.2 

Stakeholder  Spectrum:  Blameworthy  Versus  Affected 
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1  The  choice  of  the  word  blameworthy  is  deliberate.  We  chose  this  word  over  responsible, 
causal,  and  generating  because  with  many  of  the  problems  that  we  researched,  there  is  some 
uncertainty  within  the  community  over  who  is  responsible  for  causing  the  problem.  Blame¬ 
worthy  suggests  a  group  that  is  at  least  associated  with  creating  the  problem.  Of  course,  in 
addition  to  being  at  least  partially  responsible  for  the  problem,  the  blameworthy  party  may 
also  be  responsible  for  reconciling  the  issue. 
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The  intersection  of  these  communities  is  represented  as  a  spectrum 
in  Figure  7.2.  For  the  purpose  of  simplifying  the  explanation,  we  only 
considered  three  discrete  points  within  this  spectrum.  One  extreme  of 
the  spectrum  is  shown  on  the  left  side  of  7.2.  In  this  extreme,  the  com¬ 
munity  is  made  up  of  two  independent  groups:  those  who  generate  the 
problem  and  those  who  are  affected  by  the  outcome.  Suicide  bombers 
on  commercial  airliners  are  an  example  of  this  extreme.  If  the  bomber 
is  successful,  his  actions  will  negatively  affect  innocent  bystanders,  and 
these  bystanders  have  no  control  or  influence  over  the  bomber’s  deci¬ 
sion  to  commit  suicide. 

Problems  on  the  left  side  of  the  spectrum  are  very  difficult  to 
manage  because  there  is  an  inherent  inequity  between  the  blamewor¬ 
thy  and  affected  parties.  Because  of  this,  typical  strategies  for  negotia¬ 
tion  based  on  common  goals  and  compromise  tend  to  fail.  For  exam¬ 
ple,  a  suicide  bomber  and  his  intended  victims  are  unlikely  to  converge 
on  an  acceptable  compromise. 

The  other  extreme  is  shown  in  the  right  side  of  Figure  7.2.  This 
extreme  represents  a  complete  overlap  between  those  who  generate  the 
problem  and  those  who  are  affected  by  it.  Orbital  debris  during  the 
1960s  is  an  example  of  a  problem  on  this  side  of  the  spectrum.  During 
the  nascent  years  of  the  space  age,  the  United  States  and  the  Soviet 
Union  were  the  only  two  countries  that  launched  useful  payloads  into 
orbit.  If  one  of  these  countries  generated  a  large  debris  cloud,  it  would 
have  affected  both  nations’  space  operations. 

Problems  on  the  right  side  of  the  spectrum  can  be  effectively 
addressed  using  mitigation  strategies.  In  the  case  of  the  Soviet  Union 
and  the  United  States,  there  were  only  two  stakeholders,  and  their 
interests  overlapped.  As  a  result,  the  problem  was  easily  addressed: 
Both  countries  agreed  to  take  care  not  to  intentionally  destroy  their 
common  operating  environment. 

Most  problems,  of  course,  cannot  be  categorized  at  either  extreme 
and  instead  fall  somewhere  in  the  middle,  as  orbital  debris  does  today. 
Since  the  1960s,  many  countries — as  well  as  private  industry — have 
developed  space  capabilities,  and  that  has  significantly  complicated  the 
task  of  addressing  orbital  debris.  Not  all  space-faring  nations  necessar¬ 
ily  share  the  desire  to  keep  the  space  environment  risk-free.  Countries 
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such  as  Iran  or  North  Korea  could  be  developing  abilities  to  access 
space  with  the  sole  intent  of  polluting  it  because  this  would  allow 
them  to  counter  perceived  space-based  threats  from  the  United  States 
or  another  country.  If  Iran  were  to  purposely  create  a  debris  cloud,  it 
would  be  the  blameworthy  party,  but  it  would  remain  relatively  unaf¬ 
fected  because  its  society  does  not  have  a  heavy  dependence  on  space. 

The  burgeoning  commercial  space  industry  represents  another 
community  that  is  pushing  the  orbital  debris  problem  closer  to  the 
middle  of  the  spectrum  shown  in  Figure  7.2.  In  the  past,  sovereign 
nation-states  were  the  only  entities  with  enough  resources  to  field  a 
space  capability.  These  capabilities  were  developed  to  benefit  their  soci¬ 
eties  economically,  scientifically,  and  socially.  These  states  recognized 
that  space  provides  a  variety  of  advantages,  and  they  took  great  care  to 
preserve  the  environment.  They  were  both  the  blameworthy  and  the 
affected  entities. 

Today,  commercial  providers  are  primarily  motivated  by  profit 
margins,  and  they  may  not  have  the  best  interests  of  their  sponsor¬ 
ing  country  in  mind  while  pursuing  their  business  goals.  The  com¬ 
mercial  provider  may  be  the  blameworthy  party  if  it  generates  debris, 
but  it  may  not  be  affected  as  profoundly  by  an  accident.  By  contrast,  a 
nation-state  that  has  several  hundred  active  assets  on  orbit  and  relies  on 
space-based  intelligence  to  assist  ongoing  military  operations  has  much 
more  inventory  at  risk. 


Describing  the  Orbital  Debris  Community 

In  the  previous  section,  we  introduced  the  tools  illustrated  in  Figures 
7.1  and  7.2  to  describe  the  stakeholder  community.  We  can  now  use 
these  concepts  to  summarize  the  current  state  of  orbital  debris.  This 
status  is  illustrated  in  Figure  7.3. 

The  left  side  of  Figure  7.3  shows  the  debris  problem  as  being  in 
mitigation.  Currently,  the  problem  is  managed  through  a  series  of 
rules,  policies,  and  regulations  that  have  been  established  by  agencies 
including  the  U.S.  Air  Force,  NASA,  the  European  Space  Agency,  and 
the  United  Nations. 
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Figure  7.3 

Orbital  Debris:  Stakeholder  Diversity,  Type,  and  Spectrum 
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We  define  the  stakeholders  in  this  problem  as  the  policymakers 
and  operators  for  all  space-faring  nations.  This  group  is  multinational 
and  very  diverse.  Today,  private  companies  such  as  SpaceX  are  enter¬ 
ing  the  space  lift  business  based  on  a  for-profit  business  model.  This 
approach  is  in  contrast  to  traditional  activities,  which  have  always  been 
sponsored  by  national  governments.  In  addition,  smaller  countries, 
such  as  Iran  or  North  Korea,  may  plan  to  use  space  differently  than 
large  countries,  such  as  the  United  States  or  Russia,  have  in  the  past. 

Finally,  as  we  mentioned  above,  the  burgeoning  commercial  space 
industry  and  countries  such  as  Iran  and  North  Korea  are  pushing  the 
debris  problem  closer  to  the  middle  of  the  spectrum  in  Figure  7.2. 


Approaches  to  Mitigation 

Several  approaches  could  be  used  to  design  a  mitigation  strategy,  but  we 
have  chosen  to  highlight  three:  C2,  market-based,  and  performance- 
based  approaches.  Each  of  these  strategies  was  developed  within  the 
context  of  the  environmental  protection  industry,2  but  each  can  also 
be  applied  to  any  of  the  comparable  problems,  including  orbital  debris. 


2  The  EPA’s  Guidelines  for  Preparing  Economic  Analyses  from  September  2000  identifies 
four  distinct  types  of  mitigation:  traditional  design-based  C2  approaches,  market-oriented 
approaches,  performance-oriented  approaches,  and  nonregulatory  approaches.  We  will  dis¬ 
cuss  the  first  three  strategies  below.  However,  we  prefer  to  categorize  the  final  strategy,  non- 
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We  chose  these  three  approaches  because  they  are  the  most  com¬ 
monly  implemented.  In  addition,  at  least  one  of  them  is  currently  in 
use  for  each  of  the  comparable  problems,  as  we  will  show  below. 

Command/Control  Approaches 

The  first  approach  is  commonly  referred  to  as  the  “command  and  con¬ 
trol”  or,  more  simply,  the  “C2”  approach.  In  a  C2  approach,  a  com¬ 
munity  issues  a  set  of  commands  and  then  enforces  them  to  exert 
control  over  the  unwanted  behavior,  a  pattern  familiar  to  Western  soci¬ 
eties  (Raufer  and  Feldman,  1987).  Punishment  for  transgressors  can 
take  the  form  of  monetary  damages,  but  cultural  pressures  can  be  an 
equally  effective  deterrent.  In  the  case  of  acid  rain,  for  example,  “soci¬ 
ety’s  ‘commands’  are  typically  given  in  the  form  of  emission  limitations 
or  standards,  and  the  punishment  is  expressed  as  fines  or,  in  extreme 
cases,  imprisonment”  (Raufer  and  Feldman,  1987). 

The  C2  approach  is  often  the  first  strategy  employed  against  a 
problem  because  most  societies  understand  basic  incentive  structures. 
Because  of  this,  even  when  additional  mitigation  strategies  are  enacted, 
a  C2  structure  is  often  at  work  in  the  background. 

A  C2  approach  can  be  very  effective,  particularly  on  small,  sin¬ 
gular  populations.  According  to  Raufer  and  Feldman,  this  approach 
is  also  “easy  to  implement  because  compliance  can  be  readily  deter¬ 
mined”  (1997).  A  factory  that  belches  out  black  plumes  of  smoke  is 
easily  identified  as  being  in  violation  of  emissions  rules.  Indeed,  in  its 
Guidelines  for  Preparing  Economic  Analysis,  the  EPA  reinforces  this  sen¬ 
timent  by  stating  that  the  “ease  of  compliance  monitoring  and  enforce¬ 
ment”  make  C2  strategies  an  attractive  way  to  mitigate  a  problem 
(EPA,  2000). 

Even  with  large,  homogeneous  populations,  a  C2  strategy  can  be 
effective  because  one  set  of  regulations  is  usually  sufficient  to  address 
the  interests  of  all  of  the  stakeholders.  The  only  change  that  is  required 
is  that  a  larger  enforcement  infrastructure  is  needed  with  larger 
populations. 


regulatory  approaches,  as  part  of  establishing  normative  behavior.  Therefore,  we  do  not  con¬ 
sider  this  particular  strategy  to  be  mitigation  using  the  definition  that  we  outlined  earlier. 
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However,  C2  approaches  tend  to  be  less  effective  in  controlling 
large  populations  with  diverse  interests  because  the  infrastructure 
needed  to  police  and  enforce  the  regulations  can  become  too  costly 
and  unwieldy.  In  addition,  the  limited  scope  and  flexibility  of  the  C2 
regulatory  structure  “may  not  readily  accommodate  or  encourage  tech¬ 
nological  innovation  or  may  fail  to  provide  incentives  to  reduce  pollu¬ 
tion  beyond  what  would  be  undertaken  to  comply”  with  established 
normative  behaviors  (EPA,  2000). 

Market-Based  Approaches 

In  large  or  diverse  populations,  deficiencies  or  gaps  may  appear  in 
the  C2  system  that  allow  individuals  or  corporations  to  engage  in  the 
unwanted  behavior  without  repercussions.  In  such  instances,  a  second 
mitigation  strategy  may  be  required,  one  that  we  will  loosely  call  a 
“market-based”  approach.  These  strategies  recognize  that  some  unde¬ 
sirable  behavior  is  acceptable  and  will  occur.  A  market  approach  pro¬ 
vides  an  allocation  scheme  for  the  right  to  engage  in  the  undesirable 
behavior.  These  strategies  are  effective  at  efficiently  allocating  the  right 
to  engage  in  the  behavior,  but  (by  definition)  they  do  a  poor  job  of 
completely  eliminating  it. 

Market  strategies  are  more  challenging  to  implement  than  C2 
because  they  require  a  well-designed,  proven  infrastructure  to  admin¬ 
ister  them  (Raufer  and  Feldman,  1987).  Most  important,  they  require 
100  percent  buy-in  from  all  of  the  stakeholders,  or  they  will  not  be 
effective. 

A  striking  and  applicable  lesson  on  the  pitfalls  of  a  market 
approach  is  offered  by  Richard  Bookstaber  in  his  book,  A  Demon  of 
Our  Own  Design.  Bookstaber’s  career  in  the  financial  markets  provided 
him  with  the  following  perspective  on  market  behavior:  “In  the  ideal¬ 
ized  market,  the  starting  assumption  is  that  the  market  should  run 
cleanly  and  transparently.  We  are  faced  with  more  pernicious  prob¬ 
lems,  however,  in  attaining  these  goals.  When  the  market  ideals  col¬ 
lide  with  the  real  world,  with  individuals  who  are  not  in  control  of  full 
information,  with  institutions  that  do  not  act  quickly  or  necessarily  in 
anyone’s  best  interest,  the  result  is  like  taking  a  race  car  for  a  spin  off¬ 
road”  (Bookstaber,  2007).  These  words  seem  particularly  wise  today, 
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given  the  financial  markets’  inability  to  properly  address  the  collapse  of 
the  U.S.  housing  market  in  2008. 

Performance-Based  Approaches 

Performance-based  approaches  represent  yet  a  third  mitigation  strategy. 
These  are  essentially  quota-based  initiatives:  They  prescribe  an  entity’s 
“maximum  allowable  level  of  pollution  and  then  allow  the  source  to 
meet  this  target  in  whatever  manner  it  chooses”  (EPA,  2000). 

A  performance-based  approach  is  useful  in  the  environmental 
community  because  the  polluting  entities  can  be  identified  and  their 
emissions  are  easily  measured.  While  interesting,  such  an  approach  is 
likely  not  useful  to  the  orbital  debris  problem  because  it  depends  on 
accurate  measurement  of  the  polluting  population,  and  this  is  a  capa¬ 
bility  that  the  debris  community  is  currently  developing. 


Practical  Examples  of  Mitigation 

Using  the  tools  summarized  above,  this  section  looks  at  examples  of 
the  various  mitigation  strategies  that  were  applied  in  practice  to  the 
problems  of  airline  security,  acid  rain,  and  radon. 

Airline  Security 

Airline  security  refers  to  the  infrastructure — both  at  the  airport  and  on 
the  aircraft — that  is  designed  to  prevent  passengers  from  threatening 
commercial  air  flights  while  the  flight  is  en  route.  For  this  analysis,  we 
only  considered  security  measures  for  flights  that  originate  or  end  in 
the  United  States. 

We  define  the  stakeholders  in  this  problem  as  the  security  poli¬ 
cymakers,  industry  workers,  and  airline  passengers;  Figure  7.4  illus¬ 
trates  the  demographics  of  this  group.  We  classify  the  group  as  mostly 
homogeneous  because  nearly  all  of  the  stakeholders  would  agree  that 
passenger  safety  is  paramount  (i.e.,  terrorist  acts  are  unacceptable),  and 
everyone  works  together  to  achieve  this  goal. 

Unless  the  terrorist  is  a  suicide  bomber,  there  is  little  overlap 
between  the  terrorist  and  those  affected.  For  the  sake  of  completeness, 
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Figure  7.4 

Airline  Security:  Stakeholder  Diversity,  Type,  and  Spectrum 
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we  show  this  relationship  in  the  right  side  of  Figure  7.4,  but  it  offers 
little  insight  for  this  particular  problem.  The  reason  is  that  the  popula¬ 
tions  are  so  dissimilar  in  size:  Terrorists  represent  an  extremely  small 
population  in  comparison  to  the  number  of  Americans  who  travel  via 
commercial  airliners. 

The  current  commercial  airline  security  policy  in  the  United 
States  is  a  classic  example  of  a  C2  mitigation  strategy.  As  we  mentioned 
above,  a  C2  approach  institutes  rules,  regulations,  and  procedures  and 
then  enforces  them  to  exert  control  over  a  population.  In  the  case  of 
airline  security,  the  Transportation  Security  Administration  (TSA)  has 
established  a  standard  set  of  procedures  that  all  passengers  encounter 
when  they  arrive  at  the  airport.  For  example,  passengers  are  screened 
using  magnetometers  and  chemical  spectrometers,  baggage  is  screened 
using  X-ray  machines,  and  physical  security  perimeters  are  established 
and  monitored.  Many  of  these  commands  are  enforced  by  TSA  agents 
as  passengers  proceed  through  the  airport  and  toward  the  gates. 

Given  the  relatively  low  incidence  of  life-threatening  violence  on 
commercial  air  flights,  we  will  assume  that  this  strategy  is  effective 
in  preventing  individuals  from  terrorizing  the  passengers  on  airplanes. 
One  reason  this  approach  is  effective  is  that  the  stakeholders  are  mostly 
homogeneous.  Because  everyone  works  toward  the  common  goal  of 
passenger  safety,  everyone  abides  by  the  system  of  rules,  regulations, 
and  procedures. 
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Another  reason  why  the  C2  approach  is  effective  is  that  the  airline 
environment  has  discrete  physical  boundaries.  Rules  are  usually  easier 
to  impose  and  enforce  when  they  are  associated  with  a  specific  area. 
The  TSA  has  authority  over  airport  screening  areas  and  limits  access  to 
the  sterile  areas  of  the  airport.  This  allows  the  TSA  to  designate  specific 
areas  where  their  rules,  regulations,  and  procedures  are  in  effect. 

While  this  C2  approach  is  relatively  effective,  it  is  costly.  The 
system  requires  an  enormous  infrastructure  to  handle  the  thousands  of 
customers  passing  through  each  day  while  monitoring  and  enforcing 
all  of  the  rules  and  regulations.  It  is  only  possible  because  the  American 
public  has  determined  that  airline  security  is  a  priority  and  is  willing  to 
commit  significant  tax  dollars  to  mitigate  the  problem. 

The  TSA  offers  a  good  model  for  the  debris  problem  because  the 
TSA  is  entirely  focused  on  mitigation.  The  C2  approach  used  in  air¬ 
line  security  offers  some  lessons  learned  that  could  be  applied  toward 
orbital  debris: 

•  Preparing  for  potential  threats  requires  an  efficient  and  effec¬ 
tive  system  for  collecting  and  disseminating  information.  The 

infrastructure  associated  with  airline  security  is  always  preparing 
for  potential  threats.  In  order  to  process  new  intelligence — as  well 
as  implement  rules — the  TSA  relies  on  an  effective  communica¬ 
tion  strategy  to  update  officers  on  the  latest  procedural  changes. 
In  addition,  all  security-related  personnel  must  have  a  clearly 
defined  role  so  that  actions  can  be  executed  in  a  prompt  manner. 

•  An  effective  mitigation  strategy  evolves  over  time.  Throughout 
the  history  of  airline  security,  detected  threats  have  led  to  ongoing 
revisions  in  security  procedures.  The  TSA  itself  was  established 
after  the  terrorist  attacks  on  11  September  2001  in  order  to  better 
mitigate  the  problem  of  airline  terrorism.  New  security  proce¬ 
dures  introduced  in  response  to  specific  threats  have  included  the 
use  of  air  marshals,  the  “3-1-1”  rule,3  and  the  requirement  that 
passengers  remove  their  shoes  for  X-ray  screening. 


3  The  so-called  “3-1-1”  rule  dictates  that  each  passenger  may  carry  a  1-quart  zip-top  bag 
for  the  use  of  carrying  liquids  in  carry-on  luggage.  Each  liquid  must  be  transported  in  a 
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•  A  successful  C2  strategy  is  enforced  by  organizations  with 
clearly  defined  jurisdictions.  In  airline  security,  several  differ¬ 
ent  entities  may  be  responsible  for  maintaining  physical  security. 
For  example,  most  airports  use  a  local  police  force  to  patrol  curb- 
side  areas  and  the  tarmac.  However,  the  TSA  is  responsible  for 
monitoring  passengers  as  they  flow  through  the  screening  area.  If 
an  incident  occurs,  it  is  important  for  all  parties  to  know  who  is 
responsible  for  responding  to  the  alarm. 


Radon 

Radon  is  an  odorless,  tasteless,  and  radioactive  gas  that  is  believed  to  be 
the  second  leading  cause  of  lung  cancer  in  the  United  States,  according 
to  a  2009  assessment  by  the  EPA  (EPA,  2009).  Radon  is  a  by-product 
of  the  naturally  occurring  decay  of  uranium,  which  is  present  in  soils 
throughout  the  United  States. 

The  stakeholders  in  this  problem  are  the  policymakers  and  prop¬ 
erty  owners  across  the  United  States;  Figure  7.5  illustrates  the  demo¬ 
graphics  of  this  group.  We  classify  the  group  as  mostly  homogeneous 
because  most  homeowners  and  nearly  all  policymakers  are  interested  in 
minimizing  the  levels  of  radon  in  home  and  offices. 

The  mitigation  strategy  toward  radon  is  rather  unique.  At  first 
glance,  the  EPA  appears  to  have  implemented  a  C2  strategy:  In  1986, 
the  agency  set  a  standard  for  radon  levels  (“Radon  Safety  Standard 
Issued,”  1986).  It  recommended  that  homes  containing  more  than 
4  picocuries  per  liter  (pCi/L)  be  fixed  using  a  number  of  straightfor¬ 
ward  remedies.* * 4  However,  the  standard  was  not  backed  up  by  any 
formal  incentive  structure. 

Instead,  beginning  in  the  late  1980s,  the  EPA  initiated  a  mas¬ 
sive  public  awareness  campaign  designed  to  promote  radon  testing  by 
“providing]  grants  to  states  to  develop  programs  aimed  at  encouraging 


container  of  3.4  fl.  oz.  or  less.  This  policy  was  instituted  in  response  to  a  failed  terrorist  plot 

designed  to  detonate  liquid  explosives  on  a  2003  transatlantic  flight. 

4  According  to  the  EPA,  living  in  a  home  with  4  pCi/L  of  radon  is  equivalent  to  smoking 
half  a  pack  of  cigarettes  a  day  (“Radon  Safety  Standard  Issued,”  1986). 


Mitigation  Strategies  and  Their  Use  in  Other  Communities  39 


Figure  7.5 

Radon:  Stakeholder  Diversity,  Type,  and  Spectrum 
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homeowners  to  test  for  radon”  (GAO,  1992).  Today,  the  results  from 
these  efforts  are  quite  evident:  A  radon  test  is  usually  included  during 
the  inspection  process  whenever  a  home  changes  ownership. 

This  mitigation  strategy  is  unique  because  it  relies  on  the  public 
to  voluntarily  address  the  problem.  If  a  home  is  found  to  contain  levels 
of  radon  that  are  higher  than  the  recommended  4  pCi/L,  the  EPA  does 
not  levy  a  punishment  or  a  fine.  The  only  penalty  that  an  owner  may 
experience  will  be  a  second-order  effect:  If  the  owner  is  unwilling  to 
address  the  problem,  a  prospective  buyer  might  be  discouraged  from 
purchasing  the  property. 

According  to  a  GAO  report,  it  is  difficult  to  collect  accurate  data 
to  determine  the  effectiveness  of  the  public  awareness  campaign  (GAO, 
1992).  Nevertheless,  this  type  of  voluntary  approach  offers  some  les¬ 
sons  that  could  be  applied  to  the  orbital  debris  problem: 

•  Nonregulatory  approaches  may  be  good  at  increasing  public 
awareness,  but  they  are  unlikely  to  achieve  high  levels  of 
compliance.  This  type  of  voluntary  approach  is  similar  to  one 
designed  to  promote  seat  belt  usage  in  the  1970s.  A  1992  GAO 
report  states  that  a  public  awareness  campaign  increased  usage 
from  “less  than  10  percent  [in  the  mid-1970s]  to  only  11  percent 
in  1982”  (GAO,  1992).  For  both  seat  belts  and  radon,  the  initial 
compliance  numbers  were  very  low.  This  is  because  the  strategy 
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relied  on  the  public  to  assess  the  health  benefits  and  determine 
how  they  should  proceed.  This  system  is  certainly  very  demo¬ 
cratic:  Every  homeowner  or  car  owner  is  allowed  to  make  an  inde¬ 
pendent  decision.  However,  it  is  usually  very  difficult  to  achieve 
100  percent  compliance  with  such  a  strategy.  For  radon,  this  lack 
of  compliance  is  acceptable  because  one  homeowner’s  decision  not 
to  remove  the  radon  from  his  or  her  home  is  not  likely  to  affect 
those  outside  his  or  her  immediate  family.  However,  for  a  prob¬ 
lem  like  orbital  debris — where  the  actions  of  one  entity  can  affect 
everyone  else — a  nonregulatory  approach  is  unlikely  to  yield  a 
satisfactory  result. 

•  Mitigation  is  relatively  straightforward  when  the  problem 
can  be  described  and  measured  accurately.  Unlike  the  case  of 
airline  security,  where  terrorists  tend  to  operate  in  secrecy,  radon 
levels  are  easy  to  measure  and  the  risks  associated  with  high  levels 
are  clearly  understood.  As  a  result,  every  homeowner  is  in  a  posi¬ 
tion  to  assess  the  risk  and  decide  on  a  path  that  is  appropriate 
for  his  or  her  needs.  Unfortunately,  the  space  community  does 
not  enjoy  this  level  of  fidelity  in  its  ability  to  accurately  measure 
the  debris  population  across  all  orbits  and  of  all  sizes.  However, 
improving  the  measurement  capability  would  increase  the  avail¬ 
able  mitigation  options. 


Acid  Rain 

Precipitation  is  “naturally  acidic,”  but  the  effect  is  compounded  when 
large  quantities  of  man-made  sulfur  and  nitrogen  emissions  are  intro¬ 
duced  into  the  atmosphere  by  industrialized  societies  (Raufer  and 
Feldman,  1987).  Acid  rain  is  a  problem  because  it  threatens  natural 
ecosystems  by  lowering  the  pH  level  when  it  falls  in  rivers,  lakes,  and 
oceans.  In  addition,  acid  rain  is  destructive  and  can  shorten  the  life¬ 
times  of  man-made  structures  such  as  buildings  and  bridges. 

The  stakeholders  in  this  problem  are  the  policymakers,  the  pollut¬ 
ers,  and  the  communities  that  are  affected  by  acid  rain’s  effects.  Figure 
7.6  illustrates  the  demographics  of  these  entities.  While  acid  rain  is 
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Figure  7.6 

Acid  Rain:  Stakeholder  Diversity,  Type,  and  Spectrum 
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geographically  concentrated,  a  problem  in  the  northeast  U.S.  could 
affect  Canada,  so  we  consider  the  stakeholders  to  be  multinational. 

We  also  indicate  that  the  stakeholders  possess  a  diverse  set  of 
interests.  Unlike  with  airline  security  and  radon,  some  entities  may  be 
resistant  to  curbing  the  problem.  For  example,  factories  that  generate 
sulfuric  emissions  but  are  not  harmed  by  them  have  balked  at  the  cost 
of  cleanup. 

During  the  20th  century,  the  United  States  employed  a  C2  strat¬ 
egy  to  mitigate  the  acid  rain  problem.  The  Clean  Air  Act  was  first 
enacted  in  1955,  and  it  was  subsequently  revised  in  1970,  1977,  and 
1990  (McCarthy,  2005).  The  Clean  Air  Act  set  standards,  mandates, 
and  deadlines,  and  it  instituted  a  system  of  punitive  and  coercive  fines 
to  ensure  that  entities  obeyed  the  guidelines. 

Even  today,  the  EPA  continues  to  issue  new  regulations  to  address 
the  current  deficiencies  in  the  mitigation  plan  (Broder,  2010).  These 
recent  developments  should  be  interpreted  as  a  positive  indicator 
because,  as  we  pointed  out  in  the  discussion  about  airline  security,  an 
effective  mitigation  strategy  must  continue  to  evolve  along  with  the 
threat. 

However,  during  the  latter  part  of  the  20th  century,  many  policy¬ 
makers  began  to  realize  that  the  existing  C2  structure  was  not  address¬ 
ing  the  problem  in  a  sufficient  manner.  To  correct  for  this,  Congress 
passed  the  Clean  Air  Act  of  1990,  which  “established  an  acid  rain  con- 
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trol  program,  with  a  marketable  allowance  scheme  to  provide  flexibility 
in  implementation”  (McCarthy,  2005).  As  we  suggested  in  the  section 
on  market-based  approaches,  they  can  be  very  effective  at  addressing 
the  deficiencies  of  a  C2  strategy. 

Combined,  these  strategies  have  been  very  effective  in  the  United 
States.  For  example,  in  1990  the  federal  government  “imposed  limits 
on  nationwide  emissions  of  sulfur  dioxide  from  power  plants  and  major 
sources,  resulting  in  a  reduction  of  nearly  50  percent  in  releases  of  the 
chemical”  (Broder,  2010).  The  current  market-based  approach  “seeks 
to  limit,  or  ‘cap,’  SO,  emissions  from  power  plants  at  8.95  million  tons 
annually,  starting  in  2010  [by]  authorizing  plants  to  trade  SO,  allow¬ 
ances”  (EPA,  undated[b]). 

The  mitigation  strategies  associated  with  acid  rain  in  the  United 
States  are  instructive  because  acid  rain  is  the  only  comparable  problem 
that  makes  use  of  a  market  system  to  reinforce  a  C2  mitigation  strat¬ 
egy.  Because  of  this,  there  are  several  lessons  that  can  be  applied  toward 
the  space  debris  problem: 

•  In  order  to  successfully  implement  a  large  C2  strategy,  the 
symptoms  must  be  categorized  into  groups  that  represent 
different  levels  of  relative  risk,  in  categories  that  range  from 
marginal  to  moderate  to  severe.  In  the  case  of  the  Clean  Air 
Act,  each  level  has  a  different  set  of  rules,  guidelines,  incentives, 
and  penalties  (McCarthy,  2005).  This  allows  for  more  efficient 
deployment  of  resources,  helps  to  establish  jurisdictional  bound¬ 
aries  between  the  different  policing  entities,  and  has  created  a 
more  effective  C2  mitigation  strategy.  For  the  orbital  debris  prob¬ 
lem,  an  analogous  C2  structure  might  be  categorized  by  orbit, 
debris  size,  or  country  of  ownership. 

•  A  market  approach  is  often  most  effective  only  after  an  effec¬ 
tive  C2  strategy  is  already  in  place.  A  C2  strategy  is  generally 
implemented  as  the  first  option  because  it  is  the  most  straight¬ 
forward  to  design  and  deploy.  However,  deficiencies  may  develop 
that  are  best  addressed  by  implementing  a  market  approach  to 
complement  the  original  C2  strategy.  In  the  case  of  orbital  debris, 
a  comprehensive  C2  strategy  currently  does  not  exist,  and  miti- 
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gation  resources  would  likely  be  best  utilized  by  developing  this 
option  first  and  then  implementing  a  market-based  approach  at  a 
future  date. 


CHAPTER  EIGHT 


Remedies  and  Their  Use  in  Other  Communities 


This  chapter  examines  the  concepts  of  remediation  in  more  detail.  After 
reviewing  the  definition,  we  describe  a  distinction  that  we  observed 
while  researching  the  approaches  used  to  remedy  spam,  asbestos,  and 
environmental  pollution.  We  also  note  the  important  link  that  often 
exists  between  technology  and  successful  remediation.  Finally,  using 
the  2010  Deepwater  Horizon  oil  spill  as  a  case  study,  we  highlight  the 
lessons  that  we  compiled  after  investigating  remedies  from  outside  the 
aerospace  industry. 


What  Is  Remediation? 

Remediation  refers  to  the  act  of  applying  a  remedy  in  order  to  reverse 
events  or  stop  undesired  effects.  Remedies  are  designed  to  fix  a  problem 
or  its  effects. 

Whereas  mitigation  is  largely  a  preventive  measure,  remediation 
is  reactive.  Remedies  are  often  applied  after  the  effects  of  a  catastrophe 
have  started  to  propagate,  and  they  are  usually  designed  to  fix  a  specific 
effect.  Because  they  can  be  so  specifically  targeted,  several  remediation 
strategies  may  be  needed  to  successfully  address  the  broader  issue. 


Types  of  Remediation 

Remedies  can  be  classified  using  two  sets  of  descriptive  categories, 
depending  on  how  they  address  a  problem.  This  section  describes  these 
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two  categories  and  provides  some  practical  examples  taken  from  the 
list  of  comparable  problems. 

Set  1:  Relocation  Versus  Elimination 

An  undesired  object  can  be  relocated  such  that  it  no  longer  poses  a  high 
risk,  or  it  can  be  completely  eliminated.  For  example,  when  an  oil  spill 
occurs,  workers  often  attempt  both  relocation  and  elimination  reme¬ 
diation  techniques.  Skimming  techniques  are  used  to  remove  oil  from 
the  ocean’s  surface  so  that  it  may  be  relocated  to  a  processing  plant. 
In  addition,  the  blameworthy  party  will  plug  the  source  of  the  spill  to 
eliminate  the  flow  of  oil. 

The  orbital  debris  problem  is  unique  because  either  the  debris 
object  or  the  satellite  could  be  relocated  to  avoid  an  expected  collision. 
For  example,  a  remedy  could  be  deployed  that  removes  the  debris  from 
the  satellite’s  path,  or  the  satellite  could  avoid  the  debris  by  executing  a 
collision  avoidance  maneuver  (Johnson,  2010). 

In  most  cases,  elimination  is  usually  a  more  costly  option,  and  the 
stakeholder  community  has  to  decide  which  option  most  appropriately 
meets  its  needs.  This  decision  should  be  based  on  the  community’s  risk 
tolerance,  as  we  discussed  in  Chapter  Five. 

Set  2:  Targeted  Versus  Dragnet 

Undesired  objects  can  be  relocated  or  eliminated  using  processes  that 
are  either  targeted  or  dragnet-like.  Targeted  removal  techniques  use 
a  specific  method  to  affect  a  single,  known  object.  Dragnet  strategies 
indiscriminately  trawl  space  to  gather  and  remove  all  objects  with  a 
particular  set  of  characteristics. 

Trawling  techniques  are  most  useful  in  addressing  the  aftereffects 
following  a  catastrophe,  such  as  two  satellites  colliding  or  an  oil  tanker 
running  aground.  In  both  of  these  examples,  a  large  number  of  unde¬ 
sired  particulates  will  propagate  into  the  surrounding  environment, 
and  a  dragnet-type  strategy  will  be  the  most  effective  way  to  collect  all 
of  them  for  relocation  or  elimination. 

Targeted  solutions  are  most  effective  in  addressing  the  root  cause 
of  the  problem.  For  example,  once  the  tanker  has  run  aground,  it  will 
continue  to  leak  oil  until  the  rupture  is  repaired.  In  this  case,  a  targeted 
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solution  is  necessary  to  eliminate  the  source  of  problem:  A  tugboat 
could  be  used  to  dislodge  the  ship  and  transport  it  to  an  area  where  the 
leak  can  be  repaired. 

For  many  problems,  it  is  helpful  to  be  prepared  with  both  targeted 
and  dragnet  remedies.  The  hght  against  email  spam  is  a  good  exam¬ 
ple.  Most  end  users  remedy  spam  by  applying  an  email  biter  (a  drag¬ 
net),  which  can  be  set  up  to  automatically  flag  messages  that  are  sent 
from  a  particular  domain  name  or  an  unfamiliar  sender.  This  approach 
is  effective  in  dealing  with  the  problem  after  the  spammer  sends  the 
messages. 

However,  to  address  the  root  cause,  a  targeted  approach  is  neces¬ 
sary,  the  goal  of  which  is  to  prevent  the  spammer  from  sending  the 
messages  in  the  brst  place.  In  this  case  (and  assuming  the  spammer  is 
operating  in  the  United  States),  the  FBI  would  learn  the  spammer’s  real 
identify,  obtain  an  arrest  warrant,  and  show  up  at  the  person’s  front 
door  to  arrest  her  or  him.  Arrest  and  prosecution  will  presumably  stop 
the  problem  at  the  source. 

This  example  highlights  an  important  feature  of  the  targeted 
approach:  It  is  often  quite  effective  because  the  solution  is  tailored  to 
address  a  specibc  problem.  However,  when  a  solution  is  specihcally  tai¬ 
lored  to  address  a  problem,  it  may  lack  the  flexibility  needed  to  remedy 
problems  that  are  slightly  different. 


The  Role  of  Technology 

Technology  plays  an  important  role  in  remediation.  For  the  nine  com¬ 
parable  problems  that  we  researched  for  this  project,  we  consider  seven 
of  them  to  be  in  remediation  at  some  level:  airline  security,  asbestos, 
hazardous  waste,  oil  spills,  radon,  spam,  and  border  control.  For  all  of 
these  problems,  the  remedy  is  applied  through  the  use  of  a  gadget.1 


1  We  use  the  word  gadget  simply  to  mean  a  physical  device  or  tool  that  has  a  useful  func¬ 
tion.  Environmental  policy,  for  example,  is  not  a  gadget:  By  itself,  it  is  not  capable  of  mop¬ 
ping  up  the  latest  oil  spill  or  fixing  a  bridge  that  has  been  affected  by  acid  rain.  In  order  to 
remedy  these  problems,  some  sort  of  physical  tool  must  be  deployed. 
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For  many  of  these  problems,  the  gadget  does  not  have  to  be  state 
of  the  art  (and  therefore  expensive)  in  order  to  be  effective.  For  exam¬ 
ple,  one  common  remedy  for  treating  high  levels  of  radon  is  to  install 
a  ventilation  system  in  and  around  the  building’s  foundation  (EPA, 
2010).  This  is  a  simple  solution  that  uses  old  technology — fans — to 
solve  a  contemporary  problem. 

Environmental  cleanup  techniques  are  often  quite  simple.  For 
example,  cleanup  at  Superfund  sites  uses  bulldozers  to  load  the  con¬ 
taminated  soil  into  large  drums  so  it  can  be  relocated  to  a  less  exposed 
area.2  Indeed,  little  or  no  technical  innovation  is  needed. 

By  contrast,  some  of  the  comparable  problems  that  we  studied 
could  not  be  remedied  without  technical  innovations.  For  example, 
when  spam  first  started  to  proliferate  in  the  late  1990s,  it  sparked  a 
market  for  spam-screening  software  and  eventually  prompted  develop¬ 
ers  to  offer  additional  functionality  that  allowed  email  clients  to  auto¬ 
matically  apply  filters  to  incoming  messages  (Giles,  2010). 

Oil  spills  are  another  example  in  which  state-of-the-art  tools  are 
needed  for  remediation.  The  operating  conditions  of  deep-sea  drilling 
are  quite  analogous  to  those  found  in  space.  First,  the  environment  is 
harsh.  The  wellhead  for  deep-sea  drilling  is  often  located  thousands 
of  feet  underwater,  and  the  recovery  tools  are  subject  to  near-freezing 
temperatures,  extremely  high  pressure,  and  corrosive  salt  water.  The 
tools  must  be  remotely  controlled,  since  humans  cannot  venture  there. 
In  addition,  the  environment  is  unpredictable,  as  Coy  and  Reed  point 
out  in  Bloomberg  Businessweek,  “A  mile  below  the  surface,  things  can 
go  to  hell  in  an  instant.  The  pressures  and  temperatures  at  work  are 
otherworldly”  (Coy  and  Reed,  2010a). 

Similarly,  in  space,  the  lack  of  atmosphere,  elevated  radiation 
levels,  and  extreme  temperatures  make  for  a  difficult  working  environ¬ 
ment.  Things  can  and  do  go  wrong.  Current  human  space  operations 
are  limited  to  brief  extravehicular  activities,  and  this  capability  will 
virtually  disappear  when  NASA  retires  the  space  shuttle  fleet  in  2011. 


2  The  Superfund  was  established  as  a  way  to  facilitate  cleanup  at  sites  that  contain  a  lot  of 
hazardous  waste  (EPA,  undated[a]).  The  Superfund  provides  a  means  to  assess  fault,  and  the 
blameworthy  parties  are  then  held  responsible  for  the  cleanup. 
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It  is  therefore  safe  to  assume  that,  for  the  near  term,  space  operations 
will  be  conducted  via  remote-controlled  robots. 

These  harsh  conditions  have  three  implications  for  the  robots  that 
are  deployed  to  fix  a  problem  in  space  or  deep  underwater.  The  first  is 
that  these  tools  must  be  overengineered.  They  must  have  redundant 
systems  in  case  something  fails  while  the  robot  is  deployed  because 
it  will  be  operated  beyond  the  operator’s  line  of  sight.  In  addition, 
the  robot  must  be  physically  hardened  such  that  it  can  survive  a  low- 
temperature,  high-pressure  environment.  Finally,  the  robot  must  have 
an  array  of  sensors  so  that  it  may  provide  adequate  situational  aware¬ 
ness  and  feedback  to  the  operator. 

These  factors  all  result  in  a  device  that  will  be  very  expensive  to 
manufacture.  In  addition,  extensive  testing  will  be  required  to  ensure 
that  the  robot  will  be  able  to  operate  in  the  specified  environment. 

In  addition  to  harsh  operating  environments,  space  and  ocean 
exploration  are  similar  in  that  they  are  being  developed  under  interna¬ 
tional  ownership  treaties.  These  agreements  state  that  nation-state  and 
corporate  entities  cannot  claim  ownership  of  either  environment. 

In  one  respect,  orbital  debris  is  actually  an  easier  problem  to 
remedy  than  oil  spills  because  debris  can  simply  be  relocated  instead 
of  requiring  complete  elimination.  The  space  community  utilizes  a  so- 
called  “graveyard  orbit,”  located  several  hundred  kilometers  outside  the 
GEO  belt,  where  some  aging  satellites  are  relocated  before  they  lose 
attitude  control.  This  orbit  is  far  enough  away  as  to  not  interfere  with 
any  operational  satellites,  and  they  will  presumably  only  cause  future 
conjunction  concerns  for  satellites  that  are  launched  from  Earth  into 
deep  space.3 

By  contrast,  oil  spill  cleanup  crews  do  not  have  the  luxury  of 
declaring  part  of  the  ocean  a  “graveyard.”  The  world  community  has 
decided  that  oil  is  not  acceptable  in  any  part  of  the  ocean,  and  it  must 


3  The  space  community  uses  the  word  conjunction  to  mean  an  alignment  (predicted  or 
actual)  between  two  orbiting  bodies  at  the  same  place  and  time.  To  be  fair,  eventually  even 
this  graveyard  orbit  will  become  overpopulated,  and  debris  from  the  resulting  conjunctions 
will  likely  start  to  interfere  with  the  GEO  belt.  The  graveyard  orbit  should  not  be  viewed  as 
a  long-term,  sustainable  solution. 
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be  completely  removed  using  dispersants,  skimming  techniques,  or 
surface  fires  (Howell,  2010). 

Finally,  the  catastrophes  associated  with  both  space  collisions 
are  oil  spills  are  inherently  unique.  During  the  Bay  of  Campeche  oil 
spill  in  1979,  New  York  Times  columnist  Gladwin  Hill  noted  that  “the 
watchword  among  oil-spill  experts,  and  the  irritating  fact  that  plagues 
them,  is  that  ‘every  spill  is  different’”  (Hill,  1979).  This  is  similar  to  the 
debris  problem,  where  the  circumstances  surrounding  every  collision 
will  be  unique. 

All  of  these  similarities  suggest  that  the  remediation  techniques 
used  to  address  accidents  in  the  deep-sea  drilling  community  may  have 
some  applicability  to  space-based  operations  like  debris  removal.  Based 
on  this  hypothesis,  we  decided  to  take  an  in-depth  look  at  remediation 
efforts  associated  with  the  oil  spill  caused  by  the  Deepwater  Horizon. 


Case  Study:  Deepwater  Horizon  (Gulf  Of  Mexico)  Oil  Spill 

The  Deepwater  Horizon  (DH)  was  an  ultra  deepwater,  semisubmers- 
ible  offshore  drilling  rig  contracted  to  BP  by  its  owner,  Transocean. 
The  rig  was  capable  of  drilling  wells  in  excess  of  35,000  feet  while  oper¬ 
ating  in  water  depths  up  to  10,000  feet  (Transocean  Ltd.,  undated).  At 
the  time  of  the  accident,  the  rig  was  located  in  the  Gulf  of  Mexico  on 
the  Macondo  Prospect.  It  was  operating  in  5,000  feet  of  water  on  an  oil 
well  that  was  18,000  feet  deep  (Corum  et  ah,  2010). 

On  20  April  2010,  an  explosion  occurred  on  the  DH,  later  sink¬ 
ing  the  platform  and  causing  the  largest  oil  spill  in  U.S.  history  (“Gulf 
of  Mexico  Oil  Spill  [2010],”  2010).  The  DH  spill  provides  a  fascinating 
study  in  remediation  because  it  highlights  several  important  lessons 
that  we  believe  are  directly  applicable  to  the  orbital  debris  problem. 

In  the  days  following  the  explosion,  a  number  of  remedies  were 
deployed  in  an  effort  to  stop  or  slow  the  flow  of  oil  from  the  wellhead. 
This  section  briefly  recaps  each  of  the  attempts  made  through  the  end 
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of  May  2010. 4  We  will  refer  to  these  events  as  we  highlight  some  lessons 
learned  in  the  next  section. 

Shortly  after  the  explosion  aboard  the  DH  on  20  April,  work¬ 
ers  attempted  to  engage  the  “blowout  preventer,”  which  is  a  switch 
designed  to  remotely  trigger  a  hydraulically  operated  clamp  at  the  well¬ 
head.  When  triggered,  this  clamp  is  supposed  to  permanently  shut  off 
the  flow  of  oil.  When  the  blowout  preventer  did  not  work,  workers 
attempted  to  use  a  backup  “failsafe  switch”  to  achieve  the  same  result, 
but  this  was  also  unsuccessful  (Fountain,  2010a).  On  22  April,  a  second 
explosion  occurred,  and  the  DH  sunk  (Subcommittee  on  Energy  and 
Environment  Staff,  2010). 

On  24  April,  remotely  operated  robots  were  used  in  an  attempt  to 
manually  activate  the  blowout  preventer,  which  was  located  at  the  well¬ 
head  5,000  feet  underwater  (Robertson  and  Krauss,  2010).  Writing 
for  Bloomberg  Businessweek,  Coy  and  Reed  note  that  “these  valves  and 
shears  were  the  last  line  of  defense,  a  supposedly  impenetrable  Magi- 
not  Line  that  made  the  other  fail-safes  unnecessary”  (Coy  and  Reed, 
2010b).  However,  the  robots  were  unable  to  manually  activate  the  valve 
and  seal  off  the  well. 

On  2  May,  BP  began  drilling  a  deepwater  relief  well  (Subcom¬ 
mittee  on  Energy  and  Environment  Staff,  2010).  This  measure  was 
designed  to  relieve  the  pressure  within  the  main  (leaking)  well  such 
that  it  could  be  permanently  capped  using  mud  and  concrete.  Drilling 
a  relief  well  is  a  proven  remedy  for  stopping  spills  like  the  one  caused  by 
the  DH,  but  it  takes  several  months  to  implement  because  the  wellhead 
is  so  far  below  the  ocean’s  surface. 

On  5  May,  BP  announced  that  it  had  succeeded  in  shutting  off 
one  of  the  three  leaks  at  the  wellhead,  but  this  action  had  no  effect  on 
the  rate  at  which  oil  continued  to  escape  from  the  well  (Dolnick  and 
Robbins,  2010). 


4  The  research  phase  for  this  (RAND)  project  concluded  on  1  June  2010,  so  we  were  only 
able  to  track  the  DH  spill  through  31  May  2010.  While  limited  in  scope,  this  time  span 
contains  sufficient  information  to  support  the  observations  that  we  present  at  the  end  of  this 
section. 
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On  8  May,  BP  engineers  attempted  to  lower  and  place  a  four-story 
containment  dome  over  the  top  of  the  wellhead.  This  device  is  shaped 
like  a  giant  bell  jar,  and  it  is  designed  to  capture  the  escaping  oil  so  it 
may  be  pumped  to  the  surface  through  a  long  pipe  and  collected  by  a 
tanker  ship.  This  approach  failed  because  “the  dome’s  opening  became 
clogged  with  gas  hydrates,  crystalline  particles  that  form  when  gas  and 
water  combine  at  low  temperature  and  high  pressure”  (Wheaton,  2010). 
While  containment  domes  have  been  in  use  for  several  decades,  they 
had  never  been  tested  or  used  at  a  depth  of  5,000  feet  (Wethe,  2010). 

On  11  May,  engineers  lowered  a  smaller  containment  dome  over 
the  wellhead,  thinking  that  the  smaller  volume  “would  capture  less 
seawater  and  therefore  be  a  lower  risk  of  getting  clogged  by  the  gas 
hydrates”  (Krauss  and  Saulny,  2010).  However,  this  attempt  was  ulti¬ 
mately  abandoned  because  of  an  “unspecified  reason,”  according  to 
Interior  Secretary  Ken  Salazar  (Revkin,  2010). 

On  15  May,  BP  succeeded  in  placing  an  insertion  tube — basically 
an  “industrial-sized  catheter” — into  the  riser  pipe  that  was  the  source 
of  the  oil  leak  (Revkin,  2010).  The  captured  oil  was  then  pumped  up 
to  a  tanker  ship  at  the  surface.  However,  the  riser  pipe  was  21  inches 
in  diameter,  and  the  insertion  tube  was  only  4  inches  wide  (Dewan, 
2010).  According  to  a  New  York  Times  report,  this  method  only  man¬ 
aged  to  capture  22,000  gallons  for  the  nine  days  that  the  procedure 
was  in  use.  Using  a  BP  estimate  for  the  rate  of  oil  spilled  per  day,  the 
insertion  tube  would  have  only  captured  0.08  percent  of  the  total  oil 
spilled  while  this  remedy  was  in  use  (Aigner  et  ah,  2010).  BP  engineers 
were  quick  to  note  that  the  procedure  was  only  a  stopgap  measure  until 
a  more  permanent  solution  could  be  implemented.  In  fact,  the  entire 
process  was  halted  when  the  “top  kill”  method  was  initiated  a  few  days 
later. 

On  17  May,  federal  officials  ordered  BP  to  begin  drilling  a  second 
relief  well  (Fountain,  2010b)  for  use  as  a  backup. 
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On  20  May,  federal  officials  asked  BP  to  stop  using  chemical  dis¬ 
persants  until  BP  could  identify  an  alternative  that  would  be  less  toxic 
to  the  environment.5 

On  26  May,  BP  started  the  top  kill  method,  which  involved 
pumping  heavy  mud  into  the  riser  pipe  in  an  attempt  to  slow  down 
the  leak  (Kaufman  and  Krauss,  2010). 6  In  addition,  so-called  “junk 
shot” — rubber  golf  balls  and  shredded  tires — was  also  pumped  into 
the  pipe  with  the  hope  of  slowing  down  the  flow  of  oil.  This  attempt 
was  abandoned  after  three  days  because  the  mud  was  not  able  to  coun¬ 
teract  the  upward  pressure  of  the  oil  coming  out  of  the  well. 

On  31  May,  engineers  used  a  remotely  controlled  “diamond-laced 
wire  saw”  to  cut  off  the  top  of  the  riser  pipe,  temporarily  increasing  the 
flow  of  oil  (Fountain,  2010b).  The  first  attempts  at  using  the  saw  failed 
because  the  blade  reportedly  got  stuck  after  coming  into  contact  with 
the  junk  shot  that  was  used  earlier  (Fountain,  2010b). 

The  saw  was  eventually  freed  the  following  day,  the  pipe  was  cut, 
and  a  “riser  package  cap”  was  lowered  onto  the  top  of  the  newly  cut 
pipe.  The  cap  was  expected  to  funnel  some  of  the  leaking  oil  to  a  sur¬ 
face  ship,  but  it  was  not  expected  to  stop  all  of  the  oil  from  entering 
the  ocean. 

Figure  8.1  displays  all  of  these  remediation  attempts  on  a  vertical 
timeline,  and  the  events  are  plotted  alongside  the  estimated  number  of 
spilled  gallons.  We  used  BP’s  “worst  case”  estimate  for  the  spill  because 
it  was  the  only  metric  we  could  find  that  provided  consistent  data 
across  the  range  of  dates  between  20  April  and  31  May  2010  (Aigner 
et  ah,  2010).  The  chart  emphasizes  the  ineffectiveness  of  the  attempted 
remedies:  None  of  them  were  able  to  affect  the  spill  rate. 


5  Dispersants  are  detergents  designed  to  break  the  oil  slick  into  smaller  droplets  that 
are  easier  to  disperse  via  physical  skimming  or  natural  consumption  via  microorganisms 
(Rosenthal,  2010). 

6  Once  the  leak  was  slowed,  BP  engineers  hoped  they  would  be  able  to  permanently  seal 
the  wellhead  using  concrete. 
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Figure  8.1 

Deepwater  Horizon  Oil  Spill:  Timeline  of  Remediation  Attempts  and 
Estimate  of  Amount  Spilled 
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Remediation  Lessons  Learned  from  the  Deepwater 
Horizon  Spill 

The  events  associated  with  the  DH  highlight  a  number  of  lessons  that 
are  applicable  to  the  orbital  debris  problem: 

•  Simply  having  a  remedy  available  (or  even  several)  is  not  suffi¬ 
cient:  They  must  be  tested  and  proven  to  work  in  the  expected 
operating  conditions.  This  is  perhaps  the  biggest  lesson  of  the 
DH  oil  spill.  The  timeline  illustrated  in  Figure  8.1  shows  ten  dis¬ 
crete  attempts  to  reduce  the  flow  of  oil  into  the  Gulf  of  Mexico, 
but  none  were  able  to  affect  the  spill  rate  during  the  first  40  days 
of  the  spill.  The  reason  these  approaches  failed  was  not  because 
they  represented  new  technology.  In  fact,  a  containment  dome 
and  the  top  kill  method  were  also  used  unsuccessfully  in  the  1979 
Bay  of  Campeche  oil  spill  off  the  coast  of  Mexico  (Browne,  1979). 
Instead,  these  approaches  failed  because  none  of  them  had  been 
tested  to  ensure  they  would  work  at  a  depth  of  5,000  feet  (Wethe, 
2010).  This  concept  is  applicable  to  orbital  debris  because,  as  we 
mentioned  above,  the  two  environments  are  very  similar.  Any 
future  debris  removal  strategy  must  be  tested  to  ensure  that  it  will 
work  in  the  operating  environment. 

•  The  community  will  only  support  the  development  of  an  effec¬ 
tive  remedy  when  the  risk  posed  by  the  threat  is  considered  to 
be  unacceptable.  We  alluded  to  this  concept  in  Chapter  Five,  but 
it  is  worth  mentioning  again.  In  response  to  the  DH  spill,  Greg 
Pollock,  commissioner  of  the  Oil  Spill  Prevention  and  Response 
Program  at  the  Texas  General  Land  Office  said,  “Were  still  deal¬ 
ing  with  spills  the  same  way  we  were  in  the  1960s”  (Howell, 
2010).  For  the  deep-sea  drilling  community,  the  risks  associated 
with  a  spill  have  apparently  not  been  significant  enough  to  war¬ 
rant  the  development  of  additional  remedies.  However,  this  may 
change  in  the  months  following  the  DH  oil  spill.  The  Gulf  States 
may  decide  that  the  risk  of  a  future  Deepwater-like  accident  is  not 
acceptable,  institute  new  laws  and  regulations  aimed  at  prevent¬ 
ing  spills,  and  perhaps  force  the  drilling  community  to  develop 


56  Confronting  Space  Debris 


new,  more  effective  remedies.  As  we  demonstrated  in  Chapter 
Five,  this  phenomenon  is  not  unique  to  oil  spills.  With  radon  and 
asbestos,  once  the  public  started  to  receive  information  about  the 
negative  health  effects  caused  by  these  substances,  they  began  to 
demand  removal  of  these  substances. 

•  When  reacting  to  a  catastrophe,  a  dragnet  solution  is  needed 
to  address  the  aftereffects.  In  the  days  following  the  Dff  spill, 
a  number  of  workers  set  out  to  deploy  booms,  spray  dispersants, 
and  collect  animals  for  cleanup.  As  we  mentioned  above,  email 
spam  is  addressed  using  filtering  software,  and  Superfund  sites  are 
often  remedied  by  simply  removing  all  of  the  soil  from  the  con¬ 
taminated  area.  All  of  these  examples  use  dragnet-like  techniques 
to  identify  and  remove  unwanted  pollutants  or  irritants.  This 
lesson  is  also  applicable  to  orbital  debris.  If  collisions  continue  to 
happen,  the  space  community  may  decide  that  the  risk  posed  by 
the  debris  population  has  become  unacceptable,  and  that  would 
likely  trigger  attempts  to  reduce  the  debris  population  using  a 
dragnet-like  technique. 

•  After  a  catastrophe,  a  targeted  solution  may  also  be  necessary 
to  remedy  a  problem.  While  dragnet  techniques  are  useful  to 
address  the  aftereffects  of  a  catastrophe,  a  targeted  technique  may 
be  necessary  to  address  the  root  cause.  For  the  Dff  spill,  the  drag¬ 
net  techniques  addressed  the  resulting  oil  slick,  but  they  could 
not  be  used  to  stop  the  leak  at  the  wellhead.  To  do  this,  the  deep- 
sea  industry  needs  to  develop  new  techniques  (or  simply  mature 
existing  ones)  that  effectively  shut  off  wellheads  in  deep-sea  con¬ 
ditions.  For  orbital  debris,  the  application  of  a  targeted  solution 
is  not  as  obvious,  ffowever,  if  an  object  were  ever  launched  into 
space  that  purposely  created  orbital  debris,  a  solution  would  be 
needed  to  remedy  this  problem.  In  addition,  targeted  technologies 
may  prove  useful  in  removing  or  eliminating  exceptionally  large 
pieces  of  debris,  ffowever,  as  large  pieces  are  usually  easy  to  detect 
and  monitor,  it  might  not  be  cost-effective  to  spend  a  significant 
amount  of  resources  developing  a  targeted  remediation  technique 
that  addresses  this  problem. 
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•  Remedies  must  evolve  to  face  the  latest  challenges.  In  the  pre¬ 
vious  section,  we  mentioned  that  mitigation  approaches  must 
continue  to  evolve,  and  the  same  rule  is  true  for  remedies.  For 
example,  containment  domes  were  initially  developed  several 
decades  earlier  for  use  in  treating  spills  at  underwater  depths  of 
100-1,000  feet.  However,  as  the  oil  companies  developed  new 
wells  at  greater  depths,  this  technique  did  not  keep  up  with  the 
drilling  capabilities.  As  a  result,  the  containment  dome  approach 
was  not  effective  when  it  was  deployed  to  the  DH  oil  spill.  This 
example  offers  a  good  lesson  for  the  orbital  debris  community: 
Once  a  remedy  is  developed,  it  must  be  continually  monitored 
and/or  improved  to  ensure  that  it  will  be  effective  under  the  most 
current  operating  conditions. 


CHAPTER  NINE 


Summarizing  Observations 


This  project  included  three  primary  objectives:  determine  whether 
analogous  problems  from  outside  the  aerospace  industry  exist  that  are 
comparable  to  orbital  debris;  develop  a  list  of  identifying  characteristics 
along  with  an  associated  framework  that  could  be  used  to  describe  all 
of  these  problems,  including  debris;  and  use  the  framework  to  draw 
comparisons  between  orbital  debris  and  the  analogous  problems. 

As  we  mentioned  in  the  introduction,  our  research  identifies 
effective  mitigation  strategies,  remediation  approaches,  and  lessons 
learned  from  outside  industries  that  can  be  applied  to  the  orbital  debris 
problem. 

In  this  chapter,  we  summarize  the  key  themes  that  we  identi¬ 
fied  as  we  compiled  the  results  from  our  research.  We  also  provide  a 
detailed  look  at  the  question  posed  at  the  beginning  of  introduction: 
What  milestones  must  be  met  in  order  to  proceed  toward  developing 
mitigation  measures  or  remedial  techniques  to  address  orbital  debris? 


General  Observations 

We  noted  the  following  key  themes  as  we  compiled  the  results  from 
this  research: 

•  Stakeholders  must  continuously  reassess  their  situational 
awareness,  risk  perception,  and  ongoing  mitigation  or  reme¬ 
diation  efforts.  In  order  to  properly  address  an  issue,  the  stake¬ 
holders  need  to  understand  the  extent  of  the  problem.  An  oil  spill 
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cannot  be  remedied  until  the  cleanup  crews  know  where  the  slick 
is  located.  This  means  that  the  stakeholders  must  continuously 
develop  their  ability  to  measure  and  characterize  the  problem.  For 
the  space  community,  this  means  that  the  stakeholders  must  have 
sufficient  knowledge  of  the  debris  population,  or  they  risk  not 
being  able  to  properly  and  effectively  address  the  issue. 

•  The  Superfund  could  serve  as  an  effective  model  for  orbital 
debris  cleanup.  Assuming  that,  in  the  future,  the  space  com¬ 
munity  decides  that  the  risk  posed  by  debris  is  too  great  and  it 
needs  to  be  remedied,  the  Superfund  offers  a  model  for  how  to 
accomplish  this  task.  The  Superfund  was  established  in  1981,  and 
its  goal  is  to  identify  the  blameworthy  parties  and  facilitate  the 
cleanup  process.  As  Lloyd  Dixon  notes  in  a  RAND  monograph 
on  Superfund  liability,  “Parties  that  generated  or  transported  the 
hazardous  material  at  a  site  or  that  owned  or  operated  the  site — 
potentially  responsible  parties — were  held  liable  for  cleaning  it 
up'’  (Dixon,  2000).  This  approach  represents  a  rational  way  to 
approach  the  cleanup  of  orbital  debris:  It  makes  the  “polluters 
pay  for  clean-ups  [and]  creates  strong  incentives”  for  nation-states 
and  private  industry  to  take  appropriate  preventative  measures  to 
avoid  creating  more  debris  (Dixon,  2000). 

•  Incentive  structures  (associated  with  mitigation  strategies) 
work  best  in  the  short  term.  In  order  to  achieve  a  cost-effective, 
long-term  solution,  it  is  necessary  to  change  stakeholder  pref¬ 
erences.  This  is  an  interesting  concept  culled  from  the  study  of 
deterrence,  which  is  the  art  of  discouraging — or  simply  intend¬ 
ing  to  discourage — someone  from  engaging  in  unwanted  activity 
(Mueller,  2009).  When  implementing  an  incentive  structure,  a 
command  authority  is  likely  to  achieve  the  desired  result,  but  the 
stakeholder  community  may  not  necessary  agree  with  the  rules 
that  they  are  following.  In  order  to  achieve  effective  change,  the 
stakeholders  must  be  convinced  that  they  should  adopt  these  mit¬ 
igation  rules  as  normative  behaviors.  For  orbital  debris,  the  entire 
space  community  needs  to  agree  that  purposely  creating  debris  is 
not  acceptable  behavior. 
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•  All  of  the  stages  (identify,  set  normative  behaviors,  mitigate, 
and  remediate)  must  continue  to  evolve  with  the  problem.  The 

approach  used  to  address  a  problem  must  be  able  to  adapt  as  the 
problem  (and  its  stakeholders)  change  over  time.  For  this  reason, 
the  current  status  for  any  of  the  stages  should  never  be  considered 
complete.  Each  community  should  be  constantly  reidentifying 
the  problem,  standardizing  new  behavioral  norms,  refining  mit¬ 
igation  techniques,  and,  if  necessary,  developing  new  remedies. 
Each  of  these  comparable  problems  resembles  a  living  organism, 
one  that  adapts  alongside  a  changing  environment.  For  example, 
if  someone  suddenly  launches  1,000  microsatellites,  the  debris 
problem  will  require  a  whole  new  approach,  starting  at  the  outer 
ring  with  identify,  characterize,  and  bound. 

•  A  community  cannot  enact  effective  mitigation  strategies 
and/or  remedies  until  the  stakeholders  agree  on  an  acceptable 
level  of  risk  tolerance.  As  we  described  in  Chapter  Five,  a  com¬ 
munity’s  risk  tolerance  is  an  important  part  of  a  decisionmaker’s 
calculus.  Implementing  mitigation  and/or  remedial  measures  are 
only  intended  to  reduce  the  unwanted  behavior  to  below  accept¬ 
able  risk  tolerance  levels.  Therefore,  it  is  essential  that  the  stake¬ 
holders  understand  and  agree  on  these  levels  before  attempting  to 
address  the  problem. 


The  Case  for  Additional  Mitigation 

When  viewed  in  light  of  the  comparable  problems,  there  is  evidence 
to  suggest  that  orbital  debris  does  not  pose  a  great  enough  risk  to  war¬ 
rant  the  deployment  of  a  remediation  technology. 1  Currently,  the  space 
community  appears  unwilling  to  invest  in  such  a  venture. 

As  we  suggested  in  Chapter  Five,  a  community  will  only  move  on 
to  the  next  stage  when  the  risk  of  the  status  quo  comes  to  be  viewed  as 


1  The  use  of  the  word  deploymetit  is  intentional:  It  implies  an  operational — and  not  simply 
a  pathfinder — system. 
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unacceptably  high.  While  everyone  in  the  space  community  certainly 
agrees  that  orbital  debris  poses  a  risk,  the  lack  of  government  and  pri¬ 
vate  industry  funding  for  this  effort  suggests  that  the  risk  has  not  yet 
crossed  a  critical  threshold.  Obviously,  in  the  event  that  a  collision  with 
debris  destroyed  a  valuable  space  asset,  the  risk  calculus  would  sud¬ 
denly  change  in  favor  of  deploying  a  remedy  immediately. 

The  current  lack  of  private  (nongovernment)  funding  toward 
debris  remedies  is  particularly  telling.  Today,  the  majority  ownership 
of  operational  space  assets  (as  a  percentage  of  the  total  operational 
population)  has  shifted  from  government  to  commercial  industry.2  For 
this  new  majority  of  commercial  stakeholders,  “the  imperative  to  create 
shareholder  value  entails  that  any  investment  in  a  technical  system  be 
guided  by  its  value  creation  potential”  (Brathwaite  and  Saleh,  2009).  In 
other  words,  if  debris  was  deemed  to  represent  an  unacceptable  risk  to 
current  or  future  operations,  a  remedy  would  already  have  been  devel¬ 
oped  by  the  private  sector. 

One  interesting  way  to  quantify  the  community’s  risk  appears  to 
be  currently  under  way.  At  a  joint  NASA/DARPA  meeting  on  orbital 
debris  in  December  2009,  the  Department  of  Space  Technology 
(SpaceTech)  of  the  Delft  University  of  Technology  in  the  Netherlands 
distributed  a  survey  with  questions  specifically  designed  to  gauge  the 
current  risk  climate.3  It  will  be  particularly  interesting  to  review  the 
results  of  this  survey  because  it  may  serve  as  an  indication  of  whether 
the  community  feels  that  a  remedy  is  currently  necessary. 

With  these  thoughts  in  mind,  we  offer  the  following  observations 
about  mitigating  the  orbital  debris  problem: 


2  According  to  the  April  2010  UCS  Satellite  Database,  41  percent  of  the  world’s  active, 
operational  satellites  are  solely  commercial;  17  percent  are  solely  military;  18  percent  are 
solely  government;  and  the  remaining  24  percent  are  either  multiuse  or  used  for  research  or 
scientific  purposes.  While  the  UCS  database  represents  only  an  approximate  count  of  the 
world’s  total  satellite  inventory,  it  is  useful  in  providing  a  quick  estimate  to  support  our  claim 
(UCS,  undated). 

3  Some  exemplar  questions  from  this  survey:  “Is  your  organisation  [sic]  generally  con¬ 
cerned  about  space  debris?  Does  the  current  space  debris  situation  impact  your  business/ 
operations?  In  what  time  frame  should  this  issue  be  addressed  with  significant  resources?  Is 
your  organisation  developing  a  system  to  remove  space  debris?  Do  current  regulations  and 
laws  adequately  support  the  issue  of  debris  removal?”  (SpaceTech,  2009). 
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•  Mitigation  is  likely  to  be  more  cost-effective  than  remedia¬ 
tion.  As  we  highlighted  in  Chapter  Four,  mitigation  measures 
are  inherently  preventive;  they  are  enacted  with  the  intent  of  pre¬ 
venting  a  problem  from  getting  worse.  Therefore,  investing  in  the 
appropriate  mitigation  strategy  can  be  a  good  capital  investment 
because  it  can  significantly  reduce  the  chance  that  a  catastrophic 
shock  to  the  community  will  occur.  Orbital  debris  is  different 
from  some  of  the  comparable  problems  because  making  the  leap 
to  a  deployable  remedy  is  likely  to  be  quite  costly.  Investing  a  frac¬ 
tion  of  those  dollars  in  mitigation  may  reduce  the  risk  to  a  level 
that  is  so  low  that  the  system  will  still  able  to  absorb  an  occasional 
shock. 

•  Consider  adopting  a  common  metric  for  assessing  risk  posed 
by  space  debris.  The  mitigation  strategies  associated  with  acid 
rain,  asbestos,  CFCs,  hazardous  waste,  radon,  and  spam  are  all 
measured  using  metrics  that  have  been  widely  accepted  by  their 
respective  stakeholder  communities.  The  orbital  debris  commu¬ 
nity  should  consider  adopting  a  common  metric  that  measures 
the  risk  associated  with  a  particular  orbit.  For  example,  the  U.S. 
Air  Force  uses  “fleet  aircraft”  to  monitor  the  population  of  a  par¬ 
ticular  aircraft.  For  every  model  (e.g.,  the  F-16),  additional  main¬ 
tenance  and  flight  logs  are  kept  for  a  subset  of  the  total  inventory. 
These  fleet  aircraft  then  serve  as  a  control  group  for  the  rest  of 
the  population.  When  an  issue  arises,  the  data  from  the  problem 
aircraft  are  compared  with  that  of  the  control  group.  This  is  an 
effective  way  to  establish  a  definition  for  the  “average  aircraft.” 
Using  metrics  such  as  the  number  of  impacts  per  square  meter  per 
year,  the  risk  posed  to  a  subset  of  “fleet  satellites”  could  be  tracked 
over  time. 


The  Case  for  Developing  Remediation  Technology 

As  we  mentioned  above,  the  lack  of  funding  initiatives  currently  asso¬ 
ciated  with  developing  a  deployable  remedy  for  orbital  debris  suggests 
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that  the  community  is  not  yet  ready  to  develop  such  a  capability.  How¬ 
ever,  there  are  several  lessons  from  our  research  that  suggest  it  may  be 
wise  to  develop  a  pathfinder  system  in  the  near  term: 

•  The  community  must  be  prepared  for  shocks  or  catastrophic 
events.  As  discussed  in  Chapter  Six,  sometimes  a  single  cata¬ 
strophic  event  is  sufficient  to  drastically  alter  stakeholder  percep¬ 
tions.  The  Chinese  ASAT  test  and  the  Iridium/Cosmos  collision 
are  likely  the  cause  for  the  increased  interest  in  orbital  debris, 
including  this  research.  In  addition,  as  we  highlighted  in  Chap¬ 
ter  Four,  remedies  are  needed  to  clean  up  the  aftereffects  of  such 
event.  Developing  the  pathfinder  technology  now  for  such  a 
remedy  may  prove  to  be  a  wise  decision  because  on-orbit  colli¬ 
sions  are  likely  to  continue  to  occur  in  the  future. 

•  Remedies  must  be  designed  and  tested  to  work  under  the 
actual  operating  conditions.  As  we  discussed  in  Chapter  Nine, 
this  is  the  biggest  lesson  from  the  DH  spill.  All  of  the  reme¬ 
dies  fielded  during  the  first  40  days  of  the  spill  were  not  effec¬ 
tive  because  they  had  not  been  tested  or  proven  to  work  in  deep¬ 
water  drilling  conditions.  Fielding  a  demonstration  technology 
will  prove  useful  only  if  it  will  provide  operators  and  engineers 
with  relevant  information  about  the  technical  performance  of  the 
actual  working  conditions.  In  addition,  decisionmakers  will  gain 
important  data  points  on  realistic  values  for  recharge  times,  reac¬ 
tion  times,  and  the  magazines  associated  with  any  potential  reme¬ 
diation  technology.  Ultimately,  the  pathfinder  must  strive  toward 
remedying  a  realistic  problem,  or  the  development  will  risk  being 
considered  purely  academic  and  not  operationally  useful. 

•  Our  research  shows  that — for  many  problems — having  just 
one  remedy  is  not  good  enough.  As  we  mention  in  Chapter 
Nine,  a  remedy  is  often  used  to  respond  to  an  event  that  has 
already  occurred.  As  a  result,  remediation  technology  is  often 
very  specialized,  and  several  different  techniques  may  be  neces¬ 
sary  to  combat  the  overall  problem.  There  are  examples  of  this 
throughout  all  of  the  comparable  problems:  Airline  security, 
asbestos,  CFCs,  oil  spills,  radon,  and  spam  all  use  multiple  tech- 
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niques  to  remedy  a  problem.  Because  of  this,  it  may  be  wise  to 
begin  developing  a  pathfinder  system  now  so  that  alternative,  tan¬ 
gential  methods  can  be  developed  more  quickly  in  the  future. 

•  When  a  problem’s  effects  are  not  directly  observable,  a  com¬ 
munity  is  likely  to  underestimate  the  risk  posed  by  the  effects. 
Asbestos  and  radon  are  two  examples  in  which  the  effect — 
cancer — is  not  physically  obvious,  and  it  may  not  manifest  itself 
for  several  decades.  Under  such  circumstances,  a  community  may 
be  lulled  into  a  false  sense  of  security  because  they  do  not  have 
a  daily  reminder  of  the  problem’s  effects.  By  contrast,  the  com¬ 
munity  that  surrounds  a  polluting  factory  is  likely  able  to  see  the 
effects  every  day.  Orbital  debris,  unfortunately,  belongs  to  the 
group  of  problems  for  which  the  risk  is  not  readily  observable. 
Because  of  this,  the  community  may  be  simply  unaware  of  the 
severity  of  the  problem.  In  this  case,  the  technical  community 
should  consider  implementing  an  ongoing,  metric-based  stake¬ 
holder  awareness  program  alongside  the  development  of  a  techni¬ 
cal  remedy. 


APPENDIX  A 

A  Brief  Overview  of  Orbital  Debris  and  the 
Comparable  Problems 


Table  A.l  provides  a  brief  description  for  orbital  debris  and  each  of  the 
comparable  problems.  Throughout  this  document,  we  assume  that  the 
reader  has  only  a  general  familiarity  with  each  of  these  topics.  As  these 
problems  are  discussed  in  the  text,  more  information  is  provided  only 
if  it  is  necessary  to  understand  the  problem  within  the  context  of  the 
analysis. 


Table  A.l 

Overview  of  Orbital  Debris  and  Comparable  Problems 

Problem  Description 


Acid  rain  The  presence  of  air  pollution  within  the  atmosphere  tends  to 

increase  the  natural  acidity  in  raindrops.  When  acid  rain  falls 
in  a  stream  or  lake,  it  can  lower  the  pH  and  threaten  plants 
and  animals.  In  addition,  acid  rain  is  destructive  to  man¬ 
made  structures,  such  as  buildings  and  bridges. 

Airline  security  Commercial  air  flights  represent  an  attractive  target  for 

individuals  seeking  to  terrorize  the  American  public. 


Asbestos  Asbestos  was  used  as  an  insulator  and  fire  retardant 

in  building  construction.  Extensive  medical  research 
suggests  a  link  between  asbestos  exposure  and  malignant 
mesothelioma. 


Chlorofluorocarbons  CFCs  were  used  as  propellants  in  consumer  aerosol  products 
(CFCs)  during  the  latter  part  of  the  20th  century.  There  is  extensive 

research  to  suggest  that  CFCs  are  responsible  for  the 
degradation  of  the  Earth's  ozone  layer. 
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Table  A.1 — Continued 


Problem 

Description 

Hazardous  waste 

Unauthorized  or  irresponsible  disposal  of  hazardous  waste 
can  threaten  local  ecosystems  and  pose  a  threat  to  public 
health.  Hazardous  waste  can  include  dangerous  effluence 
from  an  industrial  complex;  radioactive  by-products;  or 
unprocessed  human  waste  that  was  allowed  to  enter 
freshwater  streams,  rivers,  or  lakes. 

Oil  spills 

A  significant  portion  of  the  world's  oil  is  brought  to  the 
surface  via  oil  platforms  or  is  transported  via  tanker  ships. 
When  platforms  or  ships  spill  oil  into  streams,  lakes,  or 
oceans,  the  spill  represents  a  threat  to  environmental 
ecosystems. 

Orbital  debris 

Objects  in  LEO  (the  primary  region  of  concern  for  most  of 
the  space  community)  traverse  at  8  km/s.  At  these  speeds,  a 
collision  between  two  objects — regardless  of  their  size — can 
be  catastrophic. 

Radon 

Radon  is  a  colorless,  odorless,  and  tasteless  gas  that  is  a  by¬ 
product  of  uranium  decay.  It  is  widespread  in  the  United 
States,  and  there  is  extensive  medical  research  to  suggest 
that  exposure  causes  an  increase  in  lung  cancer. 

Spam 

Spam  refers  to  unsolicited  email  and/or  pop-up  ads  that 
may  appear  when  browsing  the  World  Wide  Web.  The  word 
spam — not  to  be  confused  with  the  (trademarked)  Spam 
meat  product  made  by  the  Hormel  Foods  Corporation — is 
likely  derived  from  a  Monty  Python  skit  in  which  the  word  is 
used  as  an  unwanted  irritation. 

U.S.  border  control 

The  U.S.  Customs  Border  Patrol  was  established  in  1853 
to  secure  U.S.  land  borders  from  unauthorized  entrants. 
Today,  access  into  the  United  States  is  tightly  controlled 
via  screening  areas  at  all  major  points  of  entry  by  air,  land, 
and  sea  to  address  issues  such  as  illegal  immigration,  drug 
smuggling,  and  terrorism. 

APPENDIX  B 


The  Descriptive  Framework  Applied  to  Orbital 
Debris  and  the  Comparables 


The  following  figures  and  tables  provide  more  detail  for  orbital  debris 
and  each  of  the  comparables. 
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Figure  B.1 
Acid  Rain 


Acid  rain  is  currently  in  The  problem  is  managed  using  a  mix 

mitigation.  of  C2  and  market-based  strategies. 


Blameworthy  parties:  producers  of 
pollution  causing  acid  rain. 

Affected  parties:  all  users  and  inhabitants 
of  polluted  areas. 
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Table  B.1 
Acid  Rain 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Acid  rain  is  a  threat  to  ecosystems  and  organisms  as  well  as  certain  man-made  structures  and 
manufacturing  materials.  Acid  rain-causing  sulfates,  acids,  and  particulates  can  dwell  in  the 
atmosphere  and  travel  long  distances  before  being  released  via  precipitation. 

Normative  behaviors 

Normative  behaviors  include  avoiding  emitting  harmful  sulfates,  acids,  and  particulates  into 
the  atmosphere  as  a  by-product  of  normal  operations  of  a  facility  or  piece  of  equipment. 

Mitigation 

The  C2  portion  of  mitigation  involves  the  use  of  State  Implementation  Plans,  which  carry 
federal  enforcement,  recordkeeping,  and  monitoring  requirements  but  saddle  states  with 
day-to-day  operations.  The  market-based  portion  uses  a  trading  program  that  acts  as  a 
mechanism  for  pollutants  to  be  emitted  under  certain  circumstances  and  allowances. 

Remediation 

The  acid  rain  problem  is  currently  not  in  remediation.  One  could  argue  that  acid  rain  is 
in  remediation  because  the  atmosphere  will  gradually  disperse  and  remove  pollutants. 
However,  we  do  not  make  this  argument. 
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Figure  B.2 
Airline  Security 


U.S.  airline  security  is  mostly  The  problem  is  managed  using  C2 

managed  via  mitigation,  but  strategies. 

limited  remedies  are 

available  (e.g.,  scrambling 

military  jets). 


Blameworthy  parties:  extremists. 
Affected  parties:  air  travelers. 
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Table  B.2 
Airline  Security 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Commercial  air  flights  represent  an  attractive  target  for  individuals  seeking  to  terrorize  the 
American  public. 

Normative  behaviors 

American  cultural  norms  suggest  that  passengers  refrain  from  causing  physical  or  mental 
distress  while  on  aircraft. 

Mitigation 

TSA  screening  procedures  reduce  the  likelihood  that  dangerous  objects  or  individuals  will 
be  present  on  the  flight.  Air  marshals  are  prepositioned  on  certain  flights  to  be  available  to 
target  and  neutralize  a  passenger  who  seeks  to  cause  harm  when  the  plane  is  en  route. 

Remediation 

Military  aircraft  can  be  tasked  to  eliminate  a  threat  if  the  risk  becomes  high  enough.  TSA  is 
responsible  for  technology  demonstrations,  although  most  new  technologies  fall  under  the 
auspices  of  mitigation. 
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Figure  B.3 
Asbestos 


Remediation  programs  remove 
asbestos  from  affected  buildings; 
mitigation  efforts  have  led  to 
discontinued  use  of  asbestos  in 
modern  construction  projects. 


The  problem  is  managed  using  C2 
strategies. 


Blameworthy  parties:  construction 
industry. 

Affected  parties:  construction  industry 
and  tenants. 
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Table  B.3 
Asbestos 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Asbestos  is  used  as  an  insulator  and  fire  retardant  in  construction.  Over  time,  a  noticeable 
connection  develops  between  those  individuals  who  have  received  high  exposure  to 
asbestos  particles  in  the  air  and  lung  disease  and  cancer. 

Normative  behaviors 

On  determining  that  a  serious  health  risk  existed,  asbestos  use  was  mostly  discontinued,  and 
alternative  materials  were  identified  and  substituted. 

Mitigation 

Rules,  regulations,  and  standards  are  introduced  and  exercised  to  limit  exposure  and  assess 
conditions  for  remediation. 

Remediation 

Processes  and  procedures  are  developed  and  utilized  for  the  controlled  removal  of  asbestos 
from  public  buildings  in  the  United  States.  Technology  demonstrations  do  not  play  a  role  in 
instituting  these  remedial  actions. 
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Figure  B.4 
CFCs 


CFC-related  problems  are  The  problem  is  managed  using  a  mix 

currently  in  mitigation.  of  C2  and  market-based  strategies. 


Blameworthy  parties:  producers  and  users 
of  CFC  products  (both  industry  and 
individuals). 

Affected  parties:  all  users  and  inhabitants 
of  polluted  areas. 
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Table  B.4 
CFCs 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

CFCs,  chemical  propellants  used  in  consumer  aerosol  products,  were  scientifically  proven  to 
be  responsible  for  degradation  of  the  Earth's  ozone  layer. 

Normative  behaviors 

Normative  behaviors  involved  a  grass-roots  effort  by  civilian  activists  to  educate  the  U.S. 
population  regarding  the  destructive  nature  of  CFCs  and  thus  encourage  the  population  to 
request  formal  mitigation. 

Mitigation 

A  C2  mitigation  strategy  was  used  to  first  require  explicit  labeling  of  CFC-emitting  products 
and  later  to  ban  entirely  the  sale  and  use  of  most  products  utilizing  CFCs. 

Remediation 

The  CFC  problem  is  currently  not  in  remediation.  One  could  argue  that  the  CFC  problem  is 
in  remediation  because  the  atmosphere  will  gradually  disperse  and  remove  the  pollutants. 
However,  we  do  not  make  this  argument. 
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Figure  B.5 
Hazardous  Waste 


There  are  a  variety  of 
successful  methods  in  place 
for  remediating  hazardous 
waste. 


The  problem  is  managed  using  a  mix 
of  C2,  market-,  and  performance- 
based  strategies. 


Blameworthy  parties:  producers  and 
distributors  of  hazardous  waste. 

Affected  parties:  all  users  and  inhabitants 
of  polluted  areas. 
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Table  B.5 
Hazardous  Waste 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Irresponsible  hazardous  waste  disposal  was  identified  as  an  action  that  must  be  regulated  as 
threats  to  population  health  and  wellness  developed. 

Normative  behaviors 

Known  hazardous  substances  should  be  disposed  of  safely,  responsibly,  and  in  a  controlled 
manner. 

Mitigation 

Standards,  rules,  regulations,  and  penalties  are  structured  and  disseminated.  Careful 
attention  is  paid  to  assessment  of  liability  and  enforcement  of  prescribed  action. 

Remediation 

The  Superfund  is  the  enabler  of  remediation.  Resources  for  remediation  are  allocated  based 
on  a  stakeholder-developed  prioritization  scheme.  Remediation  technologies  are  relatively 
rudimentary,  effective,  but  costly  to  implement. 
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Figure  B.6 
Oil  Spills 


Oil  spills  are  managed  mostly  via  The  problem  is  managed  using  a  mix 
mitigation,  based  on  lessons  of  C2  and  market-based  strategies, 

learned  from  previous  spills.  A 
limited  number  of  quasi¬ 
effective  remedies  are  available. 


Blameworthy  parties:  oil  industry. 

Affected  parties:  ecosystems  and 
oil-dependent  economies. 
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Table  B.6 
Oil  Spills 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

With  an  increase  in  the  demand  for  oil,  drilling-  and  shipping-related  mishaps  resulting 
in  spills  also  increased.  Oil  spills  are  a  threat  to  environmental  ecosystems  and  can  involve 
significant  economic  losses. 

Normative  behaviors 

Normative  behaviors  include  ensuring  regular  rig,  platform,  drill,  and  ship  maintenance  as 
well  as  responsible  operation  of  these  devices. 

Mitigation 

Laws,  standards,  and  penalties  were  introduced  once  the  extent  of  possible  environmental 
impacts  exceeded  the  risk  tolerance  of  the  American  public.  Standards  and  regulations  were 
also  applied  to  international  waters. 

Remediation 

A  myriad  of  remediation  technologies  and  techniques  have  been  developed  and  employed 
with  mixed  results.  Each  spill  is  unique  in  its  characteristics  (location,  amount  of  oil,  body  of 
water,  whether  or  not  the  spill  source  is  stationary,  etc.),  so  the  remediation  toolset  must  be 
tailored  in  response  to  each  event. 
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Figure  B.7 
Orbital  Debris 


Orbital  debris  is  managed  via 
mitigation.  The  space  community 
has  agreed  on  international 
standards,  treaties,  and  regulations 
to  manage  the  debris  population. 


The  problem  is  managed  using  C2 
strategies. 


Blameworthy  parties:  space-faring  entities 
(nation-states  and  corporations). 

Affected  parties:  space-faring  entities 
(nation-states  and  corporations). 
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Table  B.7 
Orbital  Debris 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Space  preservation  is  an  issue  that  affects  nation-states,  commercial  interests,  and  the 
international  science  community,  and  the  existence  of  orbital  debris  threatens  access  to  and 
use  of  certain  orbits  around  the  Earth.  Over  time,  the  population  of  debris  has  risen. 

Normative  behaviors 

Normative  behaviors  include  establishing  a  community  realization  that  outer  space  is  an 
environment  that  must  be  protected  and  respected.  Voluntary  amendment  of  operational 
procedures  and  manufacturing  designs  as  well  as  responsible  monitoring  and  control  of 
orbiting  assets  works  to  reduce  the  generation  of  debris. 

Mitigation 

A  set  of  international  standards  exist  that  were  initially  developed,  adopted,  and  followed 
by  the  United  States  and  then  later  proposed  to  the  international  community  via  the  U.N. 
Within  the  U.S.  federal  government  purview,  both  the  Department  of  Defense  and  NASA 
adhere  to  stringent  manufacturing  and  operational  requirements. 

Remediation 

Orbital  debris  is  not  in  remediation. 
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Figure  B.8 
Radon 


State  and  federal  governments  use  The  problem  is  managed  using  C2 
mitigation  to  minimize  risk;  and  performance-based  strategies, 

remedies  exist  and  can  be  used 
when  radon  levels  exceed  risk 
thresholds. 


Not  applicable. 

Radon  is  a  naturally  occurring 
phenomenon  and  cannot  be  attributed 
to  any  one  source. 
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Table  B.8 
Radon 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

Fiealth-threatening  levels  of  naturally  occurring  radon  were  found  present  in  homes  and 
other  buildings.  Multistate  surveys  were  performed  in  an  effort  to  most  accurately  estimate 
how  widespread  the  problem  might  be. 

Normative  behaviors 

State  and  local  governments  began  to  perform  due  diligence  checks  of  radon  levels  in 
existing  structures  and  at  new  construction  sites. 

Mitigation 

In  lieu  of  burdensome  rules  and  regulations,  mitigation  of  radon  was  approached  using  a 
public  education,  nonregulatory  approach  of  suggesting  that  radon  tests  be  performed  in 
conjunction  with  real  estate  transactions. 

Remediation 

Remediation  is  recommended  when  a  radon  test  indicates  levels  above  the  tolerance 
threshold.  Remediation  techniques  are  very  straightforward  and  simple  and  require  little  to 
zero  advanced  technologies. 
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Figure  B.9 
Spam 


Spam  is  managed  using  mitigation 
and  remediation.  Rapid  advances 
in  technology  mean  that  these 
techniques  are  constantly  being 
refined. 


The  problem  is  managed  using  C2 
and  market-based  strategies. 


Blameworthy  parties:  spam  funders, 
creators,  distributors. 

Affected  parties:  Internet  users. 
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Table  B.9 
Spam 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

The  size  and  diversity  of  the  Internet  user  population  increased  dramatically  over  time, 
which  in  turn  increased  the  number  of  potential  outlets  (or  receivers)  for  spam. 

Normative  behaviors 

Before  the  adoption  of  spam  techniques  by  commercial  entities  because  of  its  low-cost  high- 
distribution  characteristics,  it  was  simply  considered  bad  form  to  "spam"  friends,  family, 
colleagues,  etc. 

Mitigation 

Rules,  regulations,  and  penalties  were  put  in  place  in  an  effort  to  severely  limit  the  number 
of  accepted  distribution  channels  and  outlets  for  spam. 

Remediation 

Pop-up  blockers  and  spam  filters  are  added  as  features  to  most  interactive,  Internet-reliant 
applications. 
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Figure  B.10 

U.S.  Border  Control 


Border  control  is  in  remediation.  The  problem  is  managed  using  C2 
but  the  existing  technologies  strategies, 

used  to  police  the  border  have 
varying  levels  of  effectiveness. 


Blameworthy  parties:  noncitizens, 
traffickers. 

Affected  parties:  U.S.  citizens. 


1860  1910  1960  2010 


|  Identify/characterize/bound  Normative  behaviors  Mitigate  Remediate 

NOTE:  For  U.S.  border  control,  the  identify/characterize/bound  process  started  in  the  1850s,  but  the  timeline  has  been  truncated  for 
ease  of  display. 
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Table  B.10 

U.S.  Border  Control 


Framework  Stage 

Description 

Identify/characterize/bound 

problem 

U.S.  Customs  Border  Patrol  established  in  1853  to  secure  U.S.  land  borders  from 
unauthorized  entrants. 

Normative  behaviors 

The  Supreme  Court  ruled  that  the  federal  government  is  the  enforcing  body  for  all  things 
immigration,  thus  replacing  the  existing  immigration  laws  passed  and  enforced  at  the  state 
level. 

Mitigation 

National  immigration  policies,  laws,  and  regulations  were  formally  established  and  tied  to 
particular  agencies  and  offices  for  enforcement. 

Remediation 

Congress  adopted  an  active  approach  to  border  control  when  it  established  the  U.S. 
Immigration  Service  Border  Patrol,  charged  with  restricting  and  denying  unauthorized  access 
using  both  passive  and  active  measures.  Currently  the  Secure  Border  Initiative  is  tasked 
with  procuring  and  employing  remedial  technologies.  New  technology  demonstrations  are 
included  in  the  rollout  of  remedial  capabilities. 
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